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INTRODUCTION 


The Linear Test Bed program objectives were to design, fabricate, and evaluation 
test an advanced aerospike test bed which employed the segmented combustor concept 
The program started in April 1970 with the release of a work statement by NASA- 
MSFC and was finished in June 1972 with the successful completion of 44 tests on 
the linear test bed. This report describes the complete program including concept 
selection, design, fabrication, component test, system test, supporting analysis, 
and posttest hardware inspection. 


SUMMARY 


The Linear Test Bed was evaluated during the Saturn System O^FS program. An iso- 
metric drawing and three views of the general arrangement drawings of the test bed 

are shown in Fig. 1 through 4. 


The system is designated as a linear aerospike system and consists of a thrust 
chamber assembly, a power package, and a thrust frame. It was designed as an ex- 
perimental system to demonstrate the feasibility of the linear aerospike-segmented 
combustor concept. The overall dimensions are 120 inches long by 120 inches wide 
by 06 inches in height. Photos of the completed test bed are shown in Fig. 

and 6 . 


The propellants are liquid oxygen/liquid hydrogen. The system was designed to 
operate at 1200-psia chamber pressure, at a mixture ratio of 5.5. At the design 
conditions, the sea level thrust is 200,000 pounds. 


The thrust chamber assembly consists of 20 combustors, 2 notile assemblies, a 
turbine exhaust base manifold, and the supporting rib structure and tie linkages. 
The combustors are made from precision investment-cast NARloy Csilver-copper alloy) 
which undergoes a process in which nickel is electroplated to the outside of the 
liner to provide coolant channel closeout and for structural purposes. An aluminum 
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Figure 6. Test Bed Installation at Delta-2B 


backup structure is then bolted to the combustor. The nozzle is a furnace- 
brazed tubular structure, contoured to provide an expansion contour for the gases 
as they emit from the combustor. 

Ten combustors are welded to each nozzle assembly. The exhaust manifold is of 
semimonocoque construction whose primary purpose is to provide for uniform dis- 
tribution of turbine exhaust gas across the base of the thrust chamber. 

The power package consists of a Mark 29-F fuel turbopump, a Mark 29-0 oxidizer 
turbopump, a gas generator, J-2S pr'nellant valves, a J-2S pneumatic control 
package, and associated electrical and pneumatic lines. All components of the 
power package were spares from the J-2 or J-2S program and, at most, required 
only minor modifications for use on the linear test bed program. 

The thrust frame is of heavy I-beam and box beam construction. Thrust frame 
weight was not considered important to the program objectives so the beam was 
designed for strength and low cost. The thrust is transmitted from the thrust 
frame through a central J-2S gimbal bearing into the facility thrust measurement 

system. 

The objectives of the program were as follows: 

• Demonstrate the feasibility of design, fabrication, and assembly of a 
full-scale linear aerospike test bed which employs the segmented combustor 

concept 

• Perform component tests and supporting analysis, as required, to develop 
subsystems prior to their use on the test bed 

• Perform hot-fire tests on the linear test bed to demonstrate performance, 
design integrity, satisfactory start and cutoff, and system stability 

• Develop advanced ignition systems suitable for multiple ignition applica- 
tion which also are suitable for future advanced engine applications 
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All program objectives were achieved. Some of the significant accomplishments 
the program are as follows: 

• Fabrication of all components required for the test bed was successfully 
accomplished. Problems were encountered during fabrication that could 
have had ma,or impact upon the program. Tliese problems were discovered 
early enough to permit corrective action to be taken, to redesign where 
necessary, and to redirect engineering and manufaciui ing resources to 
find proper solutions and get back on schedule. 

• Component testing of single and multisegment combustors was accomplished 
prior to completion of the test bed assembly. Tnese tests were run to 
verify combustor structural integrity, to check performance, heat transfer, 
pressure drop, ard to develop a test bed ignition system and an ignition 
detect system. Problems and design deficiencies were discovered during 
these tests. They were discovered early enough to permit corrective 
action on the test bed hardware and contributed greatly to the successful 
and relatively trouble-free test program run on the linear test bed. 

• Tlie test bed was tested 44 times for 3113 seconds total accumulated dura- 
tion. Tests were run over a chamber pressure range from 670 psia to 1248 
psia ana mixture ratios from 3.3 to S.6. The program was highlighted by 
test 624-028 which was run for 592 seconds mainstage duration. 

• Combustor performance, heat transfer, pressure drops, nozzle pressure 
profiles, and base pressure data were acquired over the complete operating 
range. Combustion efficiency and specific impulse were higher than pre- 
dicted and performance was satisfactory over the complete operating range. 
Test data evaluation indicated that the linear test bed will deliver be- 
tween 450 and 455 seconds specific impulse at altitude. 

• Two ignition systems were evaluated: the fluorine ignition system and 

the combustion wave ignition system. Ignition limits, start sequences, 
and performance characteristics were determined for both systems. This 
was the first multiple- ignition application of the combustion wave system. 
Satisfactory combustion wave system operation was repeatedly demonstrated 
during the test program. 
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detail in the body of the report. 




CONCEPT SELECTION 


At the onset of the Linear Test Bed Program, studies were conducted to determine 
the size, configuration, power cycle, and general arrangement of the test bed. 

The ground rules were to use existing components where possible, to use the com- 
bustor design that evolved from the CSE program, and to conduct a meaningful ad- 
vanced experimental aerospike program within the imposed budget and time constraints. 
A low-cost experimental program to demonstrate the segmented aerospike concept was 
the prime objective of the program. 

J-2S Mark 29-F and Mark 29-0 turbopumps, main propellant valves, and pneumatic 
control packages were available and it was decided these would be used. Slave gas 
generators used for Mark 29-F component tests also were available. 

The combustors were designed for operation at 1200-psia chamber pressure and 6.0 
mixture ratio. In matching the turbomachinery capability to the thrust chamber 
requirements, it was found that between 20 and 24 combustors would best match the 
turbopump H-Q and horsepower design capability. The thrust chamber fuel-side 
( pressure drop was calculated and the required fuel pump discharge pressure was 

found to be on the upper limit of the Mark 29-F capability, and a best horsepower 
match was obtained with 20 combustors. (Twenty were selected to provide margin 
below the maximum design capability of the fuel turbopump.) 

In selecting the thrust chamber configuration, several arrangements were considered 
including a round aerospike, linear one-sided, linear-two sided, and curved segments 
of a large-diameter aerospike. High expansion ratio was considered desirable. A 
round aerospike with 20 combustors would provide an expansion ratio of approximately 
50. The nozzle fabrication cost would be high because of the need for tapered tubes 

and complex tooling. 

The one-sided linear and the curved segment configuration would have very high 
expansion ratios, but they would be 20 feet long. The long length would not fit 
existing test stand flame deflectors and would entail complex structures and 

manifolding. 

( 
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DESIGN AND FABRICATION 


FLUORINE IGNITION SYSTEM 

Design of the fluorine ignition system manifold followed with strict adherence 
the design practices recommended in the NASA SP-3037, "Handling and Use of 
Fluorine and Fluorine-Oxygen Mixtures in Rocket Systems", H. W. Schmidt, 1967, 
Specific design criteria followed were: 

1. The manifold was fabricated from pure nickel tubing to ensure the 
maximum material capability. 

2. Tubing wc^ X-ray inspected prior to fabrication to identify tungsten 
and other foreign inclusions. 

3. The manifold was all-welded assembly with specially designed machined 
fittings. 

4. All sharp fudges in the machined fittings were rolled with a specially 
designed tool. 

5. The automatic butt welds were X-ray inspected for dropthrough and 
inclusions after fabrication. 

The manifold tubing was sized with the aid cf a computerized Fanno flow analysis 
developed for this purpose. The igniter elements also were fabricated from pure 
nickel, and were designed following the same practices as the manifold. 

A special specification, RA0610-048, was written to maintain the cleanliness of 
the manifold and igniter elements during fabrication and engine test. Passivation 
procedures developed by the Rocketdyne Research Depaitment were specified and 
strictly followed prior to each engine ignition test. Compatible metallic seals 
and valve seats were used during ignition system buildup. Annin valves controlling 
gaseous fluorine were repacked with copper chevron shaft seals, and passivated 
prior to engine testing. 
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Use of a gas generator required modification of the normal plumbing procedure to 
the control solenoid. To prevent opening of the gas generator control valve by 
cryopumping while deactivated, the pneumatic actuator cavity and the valve housing 
are plumbed together to equalize pressures. Connection of the gas generator 
equalization port and the control solenoid vent port with an overboard vent pro- 
vided both pressurization evaluation and pro\ ided solenoid venting capability. 

An 0.061-inch orifice in the equalization port prevented overpressurization at 
the case when control pressures were vented through the solenoid. 


Overall, the pneumatic system performed satisfactorily. No design errors became 
apparent and no major problems were encountered. All J-2 hardware performed as 
expected with the J-2S system. 

In the electrical control system, solid-state microcircuitry was abandoned in 
favor of relay logic and hard wiring to facilitate anticipated problems and routine 
changes in the electrical control system. The control "package" was assembled in 
a small control cabinet (Fig. 12 ) vhich was installed remotely from the engine 
on the test facility. 

Computer start modeling provided the basis for engine sequencing logic. After 
modeling a satisfactory start sequence, basic logic and safety interlock circuits 
were established. A failure effects analysis was conducted to analyze engine 
hardware reliability and effectiveness of safety circuits. 


Initial checkouts at Canoga Park revealed only minor problems, but post-installa- 
tion sequences with the engine and facility encountered several problems involving 
circuit errors and interfacing conditions not anticipated during design. Follow- 
ing minor modifications to correct these problems and incorporate sequence changes, 
tlie system checked out satisfactorily. 
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Subsequent operation encountered no problems resulting from system deficiencies. 
Changes incorporated throughout the program were accomplished with few problems 
and minimum system downtime. Engine logic proved flexible and easily modifiable. 

The fuel and oxidizer feed systems were designed as a hybrid of the J-2 and J-2S. 

High operating pressures required the use of J-2S main valves, while thrust chamber 
heat transfer dictated the need for engine bleeds. A J-2 gas generator was uti- 
lized to provide turbine power. 

J-2S main propellant valves were used as is, the fuel valve having the sequence 
ports capped. Both bleed valves were modified by a closeout weld between the 
discharge flange and the valve seat to prevent structural failure at the flange 
in the event the valve opened during high-piessure operation. 

A J-2 gas generator control valve was proof tested to linear test bed operating 
requirements, then functionally checked and serviced for use. A pit slave com- 
bustor assembly used for turbopump testing at SSFL was reconditioned and mated 
with the control valve to form an assembly capable of providing the higher power 
requirements of the J-2S turbomachinery. 

Because of low reliability in a high-pressure hydrogen atmosphere, spark igniter 
for the gas generator was abandoned in favor of pyrotechnics. An RSD igniter used 
for component test and hyperflow gas generators was chosen due to its availability, 
high reliability, and potential burn time at high pressures. 

No control system problems were encountered during the test program. All valves 
performed satisfactorily, providing adequate engine control. The pyrotechnic 
gas generator igniters proved 100 percent reliable, providing an excellent ignition 
source. The gas generator operated as predicted, with no problems, and exhibited 
no physical deterioration. 
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PURGE SYSTEM 


The initial purge system requirements for the linear test bed were based largely 
on experience gained from the J-2 and J-2S, since components from these engines 
were those used to form the linear power package. Four purge subsystems were 
originally outlined: (1) turbopump and gas generator, (2) fuel manifold, (3) 

ignition system, and (4) oxidizer manifold. Nitrogen was to be used on (3) and 
(4) , while helium was required for (1) and 2) . 

Thrbopump and gas generator purge requirements of J-2 and J-2S were adopted with- 
out change for use on the linear, as their application to the linear was, for 
all practical purposes, identical to their original applications. Satisfactory 
operation was achieved and no problems were encountered. 

Critical to the fluorine system was removal of all moisture to prevent a GF^-HjO 
reaction. Preliminary studies indicated that periodic purging would not provide 
complete assurance that the system was completely dry. Continuous purging, how- 
ever offered the advantage of providing a dry, inert atmosphere within the mani- 
fold at all times. This approach was determined to be more acceptable. Facility- 
supplied nitrogen was used, with an interface requirement of 100 125 psig and 
-100 F dew point to provide 5 11 scfm flowrate. Figure 13 shows the purge 

sequencing. 

This continuous purging proved to be completely successful. No problems were 
encountered and the program was entirely free of the problems that can occur using 

fluorine. 

In late January 1972, the fluorine system was replaced wit,, the newly developed 
combustion wave Ignition system. Total dryness was not critical as with fluorine 
so the purge requirements were modified. Pre- and posttest purging was determined 
to be sufficient. Nitrogen (-7» F dew polntl again was used. »n interface pressure 

of 100 t25 psig supplied 25 - scfm flowrate. 
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Subsequent test data indicated that purge operation was still unsatisfactory. 
Therefore, the drain screws were removed from the ends of each fuel manifold and 
1/2-inch line was plumbed to these points. Referred to as the "super purge," it, 
too, proved inadequate. Prior to test 624010, a 4000 cu-in. J-2S helium tank was 
plumbed into the system to provide a momentary purge "blast" to clear the fuel 

manifold. 

The purge tank was pressurxzed from the 3000-psi facility supply. At cutoff, both 
the "super purge" valve and the thrust chamber purge valve open, and the 3000-psi 
flow checks off the thrust chamber purge until the tank pressure decays below 1500 
psi tthrust chamber purge supply pressure). Thrust chamber purge flow continues 
to assure complete purging of the fuel manifold and thrust chamber. 

Subsequent tests exhibited satisfactory cutoff transients, and no further hardware 
changes were deemed necessary. Minor changes in sequencing of the purge tank were 
periodically made to attempt to improve cutoff cooliag. No further problems were 

encountered. 

GROUND SUPPORT EQUIPMENT 

Test bed ground support equipment consisted primarily of new items and components 
modified for use with the new engine. J-2 and J-2S test plates and fixtures were 
the only items used requiring no modification. 

The engine handling fixture was the first GSE item designed and constructed. It 
was used for both transportation and as a holding fixture during engine build. 

Ihe acceleration safety cutoff system (ASCOS) is a 12-channel vibration detection 
device, designed and constructed by Santa Susana Field Laboratory Test Group. 
Alternate combustors plus two end combustors were monitored to initiate cutoff if 
detected vibration exceeded 150 g rms for 100 milliseconds. The ASCOS performed 
satisfactorily, data showing the test bed to be free of damaging acoustical com- 
bustion instabilities. 
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Ignition detection ”” f «rchesen as the most practical 

Ifclr:: r-L . -tion, and a 

u The technique proved adequate, aitn ^ 

of satisfactory combustion. The techn q P 

a am iitilizine an instrumentation signal near t 
mentation (i.e., ut g 3 ystem 

noise, instrumentation failures, etc.j p 
performance was, however, satisfactory. 

iiftwed use of J- 2 S engine control panels with the test bed. 
Minor modification all tnmatic cutoff devices all 

facility instrumentation, monitoring, recording, and automatic 

proved satisfactory throughout the program. 


DELTA- 2 B FACILITY MODIFICATION 


. f the linear test bed -as carried out at test stand Delta- 2 B, SSFL. 

ca;a"iUtles md cre» availability were the primary considerations 

used in chosing this test facility. 

Delta stand had previously been used for ^ 

testing, so Lxed in and water cooled to provide protec- 

members at the engine structure at the horizontal load cell 

tion from the open main attach points were installed 

attach points was reinforced while vertical lo 

on existing main structure. 

V a. AYistina thrust mount was removed, the main 

l:::ZZ «: ;pra«d. «.a rh. vts.,s mam load call was insfallad. 

. j r m t unrated to 24,000-pound capacity 
1 e 1 i f «• table was obtained from CTL- 3 , up 
A surplus lift table platform and decking also were modi- 

and installed in the test stand. The engine piat 

fied to provide clearance for, and access to. the engine. 
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The flame bucket hole pattern was modified to provide coolant for the rectangular 
flame pattern, while the bucket blowback shield was cut back to clear the mam 

exhaust plume. 

A complete high-pressure water system was installed to provide coolant for the 
nozzle end fences. A surplus 8000-gallon water tank was placed opposite the test 
stand. Tank fill was accomplished manually. Water coolant feed was provided by 
GN 2 pressurization of the tank. Flowrate was monitored using a venturi-type 
flowmeter. 

The fluorine ignition supply required a completely new installation, and introduc- 
tion of necessary safety procedures. A bottle bank was located off the test stand, 
along with isolation valving. All plumbing was passivated for a 24-hour period 
before an engine-facility connection was made. The ignition system "engine 
valves" also were facility mounted due to their physical size, but were the only 
valves in this system to be controlled by the engine control system. 

Engine spinup capability was provided by the facility gaseous hydrogen system. 

An Annin valve served as the facility prevalve, separating the main spin valve 
from the 3000-psi supply. The servocontrolled main valve provided a constant 
400-psi spin pressure to the fuel turbine to initiate bootstrapping. 

In general, instrumentation capabilities were adequate. However, additional 
thermocouple capability was required. No modifications were required to provide 
satisfactory recording capabilities. 

COMBUSTOR DESIGN 

The primary objective of the breadboard thrust chamber program was to improve the 
technology of advanced liquid propulsion systems. Gaining experience in the fab- 
rication and development of low-cost combustors was a significant part of this 
program. Previous investigations have indicated that reduced costs and weight 
could be realized by investment casting a relatively simple combustor design with 
the potential for mass production. This led to the initiation of the Cast Segment 
Evaluation Program. 
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breadboard thrust chamber program. 

p,„™. e,pu„> “» i" . 
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investment-cast liner with electro orme n f^rm assembly was provided 

channels (Fig. U). Structural support for the 
by two lightweight aluminum sand castings. 
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design. 
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Figure 14. NARloy Cast Liner 



TABLE 1. OPERATING PARAMETERS FOR COMBUSTOR DESIGN 


Propellants 

Injector End Chamber Pressure, psia 
Engine Mixture Ratio 
Segment Mixture Ratio 

Maximum Combustor Inlet Fuel Pressure, psia 

‘Maximum Thrust Chamber Fuel Inlet Pressure, 
psia 

Maximum Oxidizer Inlet Pressure, psia 
Fuel Flow, Ib/sec 
Oxidizer Flow, Ib/sec 
Design Life 

‘Approximate maximum of J-2S turbomachinery 


LOX-Hydrogen 


80.62 (20 segments) 

471.39 (20 segments) 

30 starts, 10,000 seconds 


The combustor assembly design was based on aerodynamic, stress, heat transfer, 
and pressure drop considerations. Major emphasis was placed on design simplicity 

and ease of fabrication. 

The segment hot-gas contour is symmetrical. The combustion zone was a 6-degree 
straight wall convergence angle from the injector to the throat. The throat gap 
is 0.456 inch (as cast). The combustor nozzle contour was based on an ideal plane 
flow bell nozzle designed with a 4.3:1 expansion ratio and truncated to a 3.88:1 
expansion ratio. 

Table 2 summarizes the significant combustor design parameters. 

TABLE 2. COMBUSTOR DESIGN PARAMETERS 


Throat Gap, in. 

2 

Throat Area, in. 

Contraction Ratio 
Expansion Ratio 

Injector Face to Throat (axial), in. 

Throat to Exit Plane (axial), in. 

Tranverse Chamber Length, in. 

Combustion lone Convergence Angle, degrees 


0.456 (as cast) 


3.25:1 


3 . 88:1 


11.250 
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Cast Liner Thermal Analysis 

Design studies indicated a regeneratively cooled chamber utilizing a single uppass 
coolant circuit would provide the most optimum heat transfer characteristics with 
minimum pressure loss. A simplified configuration was designed in which coolant 
enters the nozzle end of the inner contour wall and is distributed to the two end 
plates and outer contour wall via a crossover system (Fig. 15 ). Coolant then 
flows in all four circuits in a single uppass and is discharged into the injector 
fuel manifold. Flow distribution in the parallel circuits is controlled by drilled 
orifice holes at the coolant exit end of the inner contour wall. The drilled ori- 
fices provide the capability to cold-flow calibrate the segment and resize the 
orifice holes to redistribute the flow if necessary. 
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Figure 15. Breadboard Engine Combustor Assembly 
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casting technology. 
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to decrease the hot-gas wall temperature. 
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fers coolant f the end plate was modified to eliminate the 

end plate pressure loss. Therefo . traversing its entire length. 

Chevron and redesigned to „unded to prevent the loss 

rr::::: irovn - -- — - 

entrance losses. 
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Combustor Assembly Stress Analyst 

, a and CSE test results indicate the NARloy cast liner with the EFNi 
analysis and CSE test structurally adeguate tor engine operation 

and cast ali-inum backup struct 

at a chamber pressu -„ssure of 2000 psii EFNi thickness and the cast 

possible uprating to a chamber pressure P 
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Figure 16. Cast Liner Breadboard Design 
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Figure 17. Breadboard Engine Contour Wall Channel Parameters vs Axial Length 











Breadboard Engine End Plate Channel Parameters vs 
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aluminum backup structure were de-igned to withstand loads consistent with the 
higher chamber pressure. The EFNi thickness was made sufficient to withstand 
coolant pressure loads and transmit chamber pressure loads from the injector end 
to the aft combustor manifolds. The manifolds then transmit the total thrust 
load into the cast aluminum backup structure. The cast aluminum structures are 
attached together at each end by INCO 718 tension tie plates which transmit the 
load into the segment thrust mount. The final combustor segment assembly is 

presented as Fig. 19. 

Several axial locations of the CSE cast liner design were investigated using a 
finite element computer analysis. The analysis, which accounts for both plastic 
and elastic strain, was performed to determine the strain levels resulting from 
thermal and pressure loads at 1200-psi and 2000-psi chamber pressure levels. 

The most critical stress location for the hot-gas wall is at the throat. The 
minimum hot-gas wall thickness for the CSE design (0.040 inch) was dictated by 
casting capabilities. However, the breadboard liner hot-gas wall was reduced by 
machining to a minimum thickness of 0.025 inch in the throat. The mini.r.um thick 
ness was determined to provide the maximum allowable stress to meet chamber life 

requirements . 

During CSE testing, cracks appeared in the EFNi closeout at the combustor- injector 
attachment location. Analysis indicated the cracks were probably ^ue to hydrogen 
embrittlement of the nickel. Extensive laboratory testing of channel closeout 
samples verified that as-deposited EFNi was susceptible to hydrogen embrittlement 
and cracking in plastically strained areas. The tests also indicated that anneal- 
ing the EFNi provided partial protection against hydrogen embrittlement. However, 
the most effective protection was provided by isolating the EFNi from the hydrogen 
with a thin layer of electrodeposited copper. Therefore, the breadboard combustor 
design was modified to include a thin electrodeposited copper layer (a0.020 in.) 
to close out the channels prior to electroforming nickel. In addition, sufficient 
EFNi thickness was added to the released design to provide the capability to anneal 
the entire assembly if subsequent test results indicated it was desirable. 
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Sepent Fabrication 

Twenth-one breadboard combustor assemblies were successfully fabricated in a 
sequence similar to the CSE combustor. Furthermore, additional manufacturing 
steps, i.e., thinning the hot-gas wall to reduce temperature and protecting 
against hydrogen embrittlement, became necessary due to combustor modifications. 

Fahrication Sequence . The basic steps involved in fabricating the breadboard 
combustor are listed below: 

1. Clean up and repair the cast liner if required. 

2. Electrical discharge machine the hot-gas wall to the required wall 
thickness profile. 

3. Prepare the cast liner for electroform copper by welding on the injector 
face plate, filling the channels with Rigidax, and applying a silver 
powder layer over the Rigidax to initiate the deposition of copper. 

4. Electroform copper. 

5. Electroform nickel and intermediate machine the EFNi using a numerically 

controlled machine to remove excess EFNi which has been preferentially ^ 

deposited. The electroform assembly was intermediately machined twice. 

6. Final electroforra nickel of the combustor assembly and final machine 

using a numerically controlled machine. 

7. Electron-beam (EB) weld the manifold transition pieces to the EFNi and 
the manifolds to the transition pieces. TIG braze the manifold ends 
using Palniro 7 braze filler. 

8. Water-flow calibrate the coolant circuit and adjust the discharge orifice 
holes if required. 

9. Proof-pressure test the channel electroform bonds and the aft fuel mani- 
folds to 2670 psi. 

10. Electron-beam weld the injector assembly to the combustor assembly. 

11. Proof-pressure test the combustion zone to 2250 psi using a throat plug. 


r 
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Fabrication Problem Resolution . Following is a brief description of the primary 
problems encountered and their resolution in the fabrication of breadboard No. 1 
combustor assembly. 

Cast Liner Discrepancies . Initial attempts at investment casting the combustor 
liner on the CSE Program were unsuccessful. Difficulty was experienced in holding 
the required dimensions and eliminating porosity. However, improved tooling and 
increased experience with the characteristics of the NARioy material resolved 
most of the problems. 

As a result of the casting experience gained on the CSE Program, the quality of 
the cast liners delivered for the breadboard combustors was improved. The primary 
difficulties consisted of solidification shrinkage- type defects, sponginess of the 
thin walls, and ceramic inclusions present in the parent material. Since the 
discrepancies for many of the liners were relatively small, the castings were sue- 
cess fully reworked and then accepted. 

Initial segment channel closeout copper-plating attempts presented difficulties 
in getting a uniform, high-quality layer in one plating cycle. The thin copper 
layer became porous during each plating attempt. This required interim electro- : 

form copper surface cleanup between plating cycles, and essentially resulted in 
several layers of plating on the first two segment assemblies (COl and COS). | 

Following these two units, the porosity problems were solved and single plating | 

cycles were satisfactory. | 

Six segment assemblies had a weak and/or brittle bond between layers of EFNi. A 
metallurgical investigation was made of samples cut from trim stock on the segments 
and on the control panels that accompany the segments through all electroforming 
stages. The investigation results revea 'd that the cause for the weak bonds were 
as follows: 

1. The electroform activation process allowed some deposition of silver on 
the EFNi surface prior to initiating the next layer of nickel. The minute 
quantities of silver in the bond line disturbed the EFNi bonding sufficient 
to cause a brittle discontinuity. i 
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2 Electrical shorts were discovered in some of the "hot leads" used tn 
plating process. The lead allows the segment to complete ‘he pUtin^ 
circuit as soon as the segment is introduced into the electrolyte. Th 
prevents surface condition degradation prior to establishing curren 
flow by the standard circuit. 

hn investigation using sample parts indicated that annealing the EFNi substantially 

a H th! brittleness of the joint and the surrounding material to give accept- 
reduced hr previously been decided to anneal the EFNi to reduce 

its susceptibility to H 2 embrittlement. Theretore, 
to accomplish both objectives. 

preliminary EB weld attempts to attach the INCO 625 transition pieces to the EFNi 
on the segment aft fuel manifold were unsuccessful. Differences in the magre.ic 
properties of the two materials caused the electron beam to deflect, resul ing 
L an unsatisfactory weld joint. The beam was directed to enter the joint at 
o er location, but strayed from the joint before ade,uate penetration wa 
Ltlined Efforts to bias the beam location, width, power, and direction 
Troride adequate joint depth were not successful. The transition joint attactaent 
Ls then redesigned to allow thinner EB weld depth requirements. 
depth penetration requirements were decreased and EB welding of the redesigned 

joint configuration was successful. 

INJECTOR DESIGN 

cesign o-:' th. injector was based on hot-fire experience with th. prior C« 
P^Igram. Table 3 sia^mrites the cast s-.m.nt 

and performance. Tt.e injector operates nominally at a mixture ratio .83 
“scharges to a nottl. stagnation chamber pressure of 1200 psia (1224-psia injec 
tor end chamber pressure). The injector element consists of a centra 
cor. surroundml by a hydrogen annulus. Sixty-eight elmaents in three pa 
rows were chosen, which yields a thrust per element of 182 pounds. 
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TABLE 3. CAST SEGMENT INJECTOR PARAMETERS 


Parameter 


Element 


Linear Engine 


Segment 


Thrust , klb 
Is (alt), seconds 

Injector End Chamber Pressure, psia 
Nozzle Stagnation Chamber Pressure, psia 
Thiust/Element 

Oxidizer* 

Flow, ib/sec 

Flow Area - Nozzle, in.^ 

- Post, in. 2 
Nozzle Velocity, ft/sec 
Velocity Head, psi 
Reynolds No. 

Post Velocity, ft/sec 
Velocity Head, psi 
Reynolds No. 

Pressure Loss, psi 
Injection Pressure, psia 
Temperature, F 
Density, Ib/ft 
Interface Pressure, psia 
Nozzle ID**, inch 
Post ID/OD, inch 
Dome Volume, in.^ 

Dome Ax, in. 2 
Post Recess, inch 


0.340 

23.10 

0.00385 

0.262 

0.00882 

0.600 

179 

-- 

245 

-- 

5 . 8 x 105 

-- 

78.2 


46.8 


3 . 8 x 105 

-- 

248.5 

-- 


462.0 
5.24 

12.0 


0.070 

0.106/. 134 


0.150 


3.85 

0.945 


Ib/sec 0-0566 3.85 

Mmiul ArS- 0 "139 0.94S 

Velocity, ft/sec 1584 

Velocity Head, psi JOO -- 

Re/nolds No. 1.2x10 

Pressure Loss, psi 06.6 

Overall Pressure Loss, psi 240.5 

Injection Pressure, psia 

Temperature, R *" 

Interface Fiessure, psia ■" *" 

Velocity Ratio 
Density, Ib/ft^ 

Body "■ 

At post tip ■" 

Cup 21 

• The four corners flow at 82 to 88 percent of listed values 
*• 0.C63- inch-diameter for the four comer posts 
*** Below the support legs 






Recessment of the oxidizer post tip within the fuel cup is an effective means for 
improving the combustion performance and stability characteristics. For a non- 
recessed system, the sudden expansion into the combustor results in a loss of 
relative velocity between the two streams which increases the mixing length and 
degrades the performance in a short combustor. Conversely, an excessive post tip 
recess increases the probability of eroding the post tip and producing high cup 
stagnation losses without increasing the combustion performance. Hot-fire test 
results during the CSE program indicated a post tip recess of 0.150 inch was 
satisfactory, but not necessarily optimum. 

Tl.e oxidizer dome is cast in one piece, using 304-L CRES in a vacuum investment 
casting process. A flow deflector, located just below and in line with the inlet, 
also is part of the casting. The flow deflector prevents the oxidizer posts 
directly in line with the inlet from exhibiting greater than average flowrates 
due to the dynamic head. It also acts as a guide vane to turn the flow 90 degrees 

to each half of the dome. 

Each combustor contains provisions for monitoring one chamber pressure, two fuel 
injection parameters (either temperature or pressure), two vertical accelerometer 
pads, and one oxidizer injection Photocon pressure. An active Photocon boss is 

at each end of the dome . 

The oxidizer post hole pattern (Fig. 20) is match-drilled into the dome body. 

The 23 holes in each of the inner and outer rows are canted 4* 15' inward to the 
vertical centerline to present direct impingement on the chamber walls. The 
theoretical impingement point of these canted streams is below the throat plane. 

The 22 holes in the center row are on, and parallel to, the axial centerline and 
are drilled normal to the dome body. All holes are 0.136 ♦ 001/-000 inch in 

diameter. 

The oxidizer posts shown in Fig. 21 are »ade of 304-L CRES and contain an inte- 
grally machined nozzle in the upstre«n end to maintain the flow balance and system 
impedance. All posts contain a 0 . 070 - inch-diameter nozzle except the four corner 
posts which contain 0 . 063 - inch-diameter nozzles. Hie oxidizer flow was reduced to 
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82 to 88 percent of nominal flow in the four corners to prevent overheating in 
the corner. Three tabs are incorporated on the OU of the oxidizer post to ]iosi- 
tion it properly in the fuel cup. The machined posts are furnace brazed into the 
oxidizer dome using Nioro alloy (82 percent gold- 18 percent nickel). 

The flow distribution for each element is obtained at a manifold flow of 100 gpm 
(» 100 psig) The water stream from each element is collected and the average 
flowrate per element is obtained. The nozzles of posts with flows greater than 
3 percent of the average flow are peened, while the nozzles of post.-, flowing 
than 3 percent of the average flow are reamed out. The four corner posts mast 
flow 85 ±3 percent of the overall average flow. 

The injector faceplate containing the fuel cups is welded to the chamber. The 
oxidizer manifold is then welded to the chamber taking care to ensure that the 
LOX post recess is correct. The interaction of the oxidizer post within the fuel 
cup is show, in Fig. 22 • Based on hot-fire tests using injectors with zero and 
0.150- inch oxidizer post recess, the cup pressure loss is 96.6 psi. fhe total 
oxidizer system pressure loss is 248.5 psi and the fuel side pressure loss 
240.5 psi at rated conditions. 

NOZZLE ASSEMBLY DESIGN 

The brazed nozzle assembly is required to transmit the aerodynamic pre: sure load 
generated b> the expanding combustion gases to the backup structure. In addition, 
it must be capable of withstanding the heat loads generated by these gases. 

347 CRES has been the traditional material for use in hydrogen-cooled ro..ket no/.-le 
skirts. This is due to the mateiial’s excellent compatibility with hydrogen, 
strength characteristics at cryogenic temperatures, and fabricability (being easily 
braced welded, and formed). An alternate material (Inco 625) was considered for 
the nozzle coolant tube. However, it was determined that 347 CRES would prove to 
be adequate for the application and was selected on the basis of its better 

fabricability. 
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Figure 22. Oxidizer Post, Fuel Cup Interaction 
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The reinforcing bands or hatbands are required to transmit the aerodynamic pres- 
sure loads from the hot-gas face to the backup structure. They require attachment 
to the tubes and must provide for attachment to the backup structure. Tube attach- 
ment is accomplished by brazing the bands to the tube surfaces. .Attachment to the 
backup structure is accomplished by providing mounting pads for rod end bearings 
which, in turn, transmit the loads to the backup structure. 

The expected aerodynamic loading is shown in Fig. 23 for the values ol chamber 
pressure expected during engine start and mainstage operation. It is of interest 
to note that the nozzle wall will experience a local pressure load of approx imatel) 
34 psia at virtually every point along its length during engine start. This be- 
havior results in the equal spacing of the hatbands. The flanged (three corner 
box) shape of the hatbands was selected because of its simple fabricabi l i ty and 
high structural efficiency. The longitudinal slots, placed at 12. 40- inch inter- 
vals along the length of the hatbands, allows the bands to accommodate differential 

thermal growth. 

The basic requirements for the fuel inlet manifold are equal distribution and low 
pressure drop. The minimum cost method is to manufacture a large-volume, untapered 
tube Since weight was less important than cost, a 3. 50- inch OD by 0.300 inch 
wall pipe was used to distribute the fuel. Th.e thick wail section results from the 
pressure requirements and the loss of material at the point where the pipe joins 
the coolant tubes. Pressure drop through this manifold was estimated to be 19.50 
psid, while good fuel distribution was assured by the low cross velocity head of 

4.28 psid. 

The primary function of the forward manifold joint ts to provide attachment of the 
nozzle coolant tubes to the combustor and to survive the relatively high heat 
transfer rates predicted for this location on the nozzle. The forward bar, made 
of OFHC copper and machined to provide a close fit over the tube crowns, operates 

at a temperature of 900 F. 


I 


R-9049 

51 




























COOLANT TUBE DESIGN 


The test bed required a nozzle structure that was light in weight and capable of 
tolerating high heat transfer rates over approximately 100 sq ft of surface area. 

The primary material candidates for this application were 347 CRES and Inconel 625. 
Nickel and other high-conductivity materials for the coolant tube were rejected 
due to the high weight factor. 

Figure 24 illustrates the constraints placed on the tube size by stress and wall 
temperature conditions. Also shown is the upper limit line for the ratio o^ the 
tube OD to tube-wall thickness for 347 CRES and Inconel 625 tubes stressed by an 
internal pressure of 2160 psia. It is apparent that Inconel 625 offers the poten- 
tial of a design with much thinner tubes and, consequently, less pressure drop 
and weight than would a 347 CRES design. 

Fabrication experience with Inconel 625 is limited. Brazeability has been demon- 
strated, but only for nickel-plated Inconel 625 to 347 CRES; however, there was 
some uncertainty as to its brazeability in a hydrogen atmosphere. 347 CRES has 
been used extensively for brazed tube assemblies with excellent results. Since 
347 CRES would be adequate from the heat transfer and stress stand points, it was 
decided not to risk the potential fabrication difficulties of Inconel 625 and to 
use 347 CRES for the linear engine nozzle ccolant tube. 

A single uppass cooling circuit was selected for the nozzle which offers the ad- 
vantage of minimum pressure loss while permitting a reasonable tube size. 

The gas-side heat transfer coefficients were calculated for the nozzle contour spec- 
ified. The technique used is similar to the Bartz boundary layer analysis. The 
coolant-side heat transfer film coefficients were calculated according to the 
McCartl; -V» *f correlation. The point of maximum heat transfer coefficient is 
where the combustor and tube bundle are joined. Using the above heat transfer 
coefficients, the tube size was determined to be 0.200 inch for the diameter and 
0.015 inch wall thickness. 
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Thermal cycles to failure for the 0.200 x 0.015 wall 347 CRES tube were calculated 
$ to be 62. The analysis used assumed that the tube was rigidly supported and, there- 

fore, would yield a value of effective plastic strain somewhat higher than would 
be seen in practice. The analysis is therefore conservative and the tube should 
easily meet life-cycle requirements. 

External Dimensions (Nozzle Contour) 

The nozzle wall contour was initially determined to be an ideal spike designed 
for an expansion ratio of 112.94 and truncated to an X/R.^ = 100 (Rj is the nozzle 
throat gap of 0.456 inch). This corresponds to 24 percent of the length of a 
15 degree half angle plane flow conical nozzle of equal area ratio. A relatively 
severe sea level recompression pressure (with accompanying high heat transfer rates) 
just downstream of the combustor exit was alleviated by means of a minor contour 
change that reduced the effective flow divergence just downstream of the combustor 

exit. 
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imposed by this procedure resulted in a feu cracks in the two tubes at the joint, 
which were braze repaired. The cracks and resultant leaks, however, increased 
during hot-£lre, apparently due to the residual strains imposed here. Adapter 
plates were used to compensate for the mislocated hat bands (up to 1/2 inch) at 
each end of the nozzle bank thereby permitting attachment of the end fences. 

None of these assembly difficulties resulted in a significant delay in the assem 

bly schedule. 


welding the fuel manifold to the aft nozzle band end bars was accompanied by some 
minor distortion of the aft end of the nozzle. Cracks also developed in the m.ini- 
fold attachment welds at the center of the nozzle. The thermal distortion initia y 
experienced was later minimized by controlling heat input into the weld joint and 
nearly eliminated by selectively torch heating the manifold. The cracking in the 
region of the braze joint was eliminated by stopping the weld short of the braze 
region, and closing out the Joints with tungsten inert gas (TIG) braze. 


Attachment of the combustor assemblies to the nozzle forward end bars was acc«- 
plished by first welding all 10 combustors together. This was followed by welding 
on the 10-foot nozzle. The attachment of the segments to each other by welding 
around the segment fuel manifolds caused the end cap closing braze joints of 
several of the segment fuel manifolds to develop small leaks. No attempt was 
made to seal the leaks, and vent holes were drilled in the end cavities to dis- 
charge the hydrogen leakage into the exhaust gas stream. In those segments not 
completed at the time the problem was discovered, the closeout braze was replaced 
with weld, which eliminated the problem. The TIG brazing of the NARloy segment 
to the copper end bar on the nozzle also resulted in some joint leakage. Repairs 

sealed those leak paths. 


The thrust chamber assembly was completed by mounting each 10-foot bank assemb y 
onto the support structure. Dimensional tolerances accumulating between the cham- 
. ber support ribs and the nozzle tubes required custom shimming of the rib mounting 
pads to keep the nozzle flat when attached to the cross structure. 
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The configuration of the base closure seal had previously been proved by laboratory 
testing of simulation samples, which permitted the seal fabrication and installation 
to proceed smoothly. Interference of turbine exhaust manifold instrumentation 
ports with the seal was remedied by relocating the instrumentation ports. 

COMBUSTOR FLOW DISTRIBUTION AND CALIBRATION 

The combustor assemblies were subjected to a flow distribution and calibration test 
prior to installation into the test bed. The flow distribution was determined for 
each combustor to ensure the proper inner, outer contour wall and side plate flow 
distribution. Flow calibration data were utilized to determine the engine combus- 
tor orif icing requirements. 


Flow distribution in the parallel circuits is controlled by drilled orifice holes 
at the coolant exit end of the inner contour wall. The discharge orifices are 
drilled oversize with the capability of being peened to reduce inner contour wall 
flow. The analytically determined flow resistance for the parallel system is 

shown in Fig. 25. 

In accordance with the heat transfer analysis, tne combustor cooling circuits were 
designed to provide 46 percent of the total flow to each contour wall and 4 percent 

to each side plate. 

The fluid analysis is based on operating conditions with hydrogen and, as such, 
utilizes a diminishing density value. The combustor flow distribution evaluation 
was accomplished using water (p = C). The water flow required to yield the proper 
hydrogen distribution under hot-fire conditions was determined by utilizing the 
resistance values shown in Fig. 25 assuming no resistance shift from hydrogen to 
water. The required water flow distribution is: 

Inner contour wall 47.2 percent 
Outer contour wall 45.5 percent 
Side plates 3.65 percent 
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RSP ; 3.9 percent 
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In accordance with the analytically determined cooling capacity requirements, a 
tolerance on the flow distribution was established; 

Inner contour wall 46.9 to 49.0 percent 
Outer contour wall 44.0 to 46.0 percent 
Side plates 4.0 to 4.8 percent 


Flow distribution for all 21 combustors was established in the medium flow labor- 
atory. The inlet and outlet ends of the combustor were fitted with a fixture so 
that the flow could be supplied to the inner contour wall inlet and the individual 
outlet, flow from each of the four walls could be collected and measured. 

The test procedure consisted of flowing water at inlet pressures from 100 to 250 
psig at uniform discharge pressures controlled by the four discharge valves. Back- 
pressure was employed to preclude cavitation. The flowrates from the four walls 
of the combustor were measured and utilized to calculate the flow split. The 
flow distribution of all 20 combustors was found to be reasonably consistent and 
within the specified tolerance limits. 

Following the flow tests, the distribution of fuel and oxidizer flow to the indi- 
vidual combustors was defined by analysis using a digital multielement flow analysis. 

The procedure was initiated by using fuel injection pressure and temperature and | 

chamber pressure measurements in conjunction with fuel injector body resistances i 

defined by analysis and fuel cup resistance defined from the studies of cup pres- | 

sure drop . | 

■*v' 

Individual combustor fuel flows were computed and summed to compare to total | 

measured combustor fuel flow. The sum in most cases agreed with the measured 
within 1 percent or less. 

The injector cup pressure drop defined from the fuel-side analysis, the injector 
body resistance from the calibration data, and calculated oxidizer system feed 
system resistances were used to compute the oxidizer flow to each combustor. The 
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of the individual flows were compared to total measured 
bustor c- efficiencies were computed from the calculated flows. The, varied uy 
matelv *5 percent. The sum of oxidizer flows, in general, did not agree 
witrmeasured values. An iteration procedure was established on individual com- 
b^stor feed system resistances until the C efficiencies approached the average 
value. The sum of the oxidizer flows then generally agreed with measured values 

within less than 1/2 percent. 

Table 4 shows the results of the computations including pressure drops combustor 
heat load, combustor AT, average temperatures, pressure drops, flows, and max ure 
ratios for run 012 (1971). The distribution of flow to the individual combustors 
essentially the same for all test firings. The mixture 
Shown in the table is typical. The percentage variation of any tndivtd^ c ^ 
bustor from the mean value remains essentially the same for all runs, 
tion error indicated on fuel and oxidizer flow is in Ib/sec. 

Plow drstrtbution testing of the complete engine assembly 

sides) to verify the analysis and establish more definitive values for the oxidizer 
e ;stem resistance, would permit more precise definition of the flow istribu- 
on Flowrates from each combustor as a percentage of total flow would be measured. 


BASE SEAL 

Tbe base seal is a sheet metal member welded to the outer edge of the turbine 
exhaust manifold and the fuel manifold. The seal provides a positive means o 
preventing gas flow between the turbine exhaust base and the engine compartmen 
during firing. Figure 26 illustrates the configuration of the base seal installe 

on the engine. 

Thermal expansion of the turbine exhaust manifold and thermal contract^n of the 
nozzle fuel inlet manifold results in shear deformation of the seal. The maximum 
shear deformation occurs in the corners of the seal. Figure 27 illustrates the 
thermal movement of the turbine exhaust manifold and the hydrogen line at rtis 
point. Point A on the turbine exhaust manifold translates to A , an pom 
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TABLE 4 


SEGMENT FLOW 

H R F A K n 0 R 

N RASED 

SUMMATION ERROR. FU&L 

FLOW: 

POSN 

PCIP 

SFG MR 

1 

1113.8 

6.621 

2 

1112.9 

6.277 

3 

1167.8 

6.237 

4 

1089 . 3 

6 . 197 

6 

1119.0 

6 .402 

b 

1117.7 

6 . 194 

7 

1128 .5 

6 . 328 

8 

1180.8 

6 . 639 

9 

1162 . 0 

6.108 

1 (1 

1167.3 

6 . 262 

1 1 

1126.3 

6.346 

1 2 

1 1 0 7 . 7 

S , (j 44 

13 

1 1 3 6 . 6 

6 . -S63 

14 

1068.1 

6.141 

16 

1112.4 

“.969 

16 

1109.4 

A . 890 

1 ' 

1076.6 

4.887 

IH 

1 1 2 0 . 8 

6.631 

19 

I i n 1 . 4 

4 . 983 

2(1 

1 1 1 U . 6 

6.186 

POSN 

CUPi'P-I L CUP R- 

1 

84 . 2 

2 .060 

2 

71 .8 

2.040 

3 

66.7 

1.846 

4 

9 9.4 

2.532 

6 

93 . 6 

2.344 

6 

7 3.7 

2.12 0 

7 

6 9.3 

2.060 

8 

68.6 

2 . 060 

9 

69 . 6 

1 .865 

10 

76.0 

2.160 

1 1 

72.2 

2.080 

12 

68 . 2 

1.981 

13 

77.1 

2 .060 

1 4 

73.4 

2 . 080 

16 

7 1.8 

1 .904 

1^ 

6 1.6 

1 .866 

1 7 

7 6.3 

2.2<:1 

18 

73.7 

2 . 040 

1 

73.1 

2 .180 

20 

83 . 6 

2.282 


COMBUSTOR FLOW ANALYSIS 


ON FL RfcS 

n.698 . OX flow= 


C« EFF 

W FL 

w nx 
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4 .014 
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96.969 
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6 . 361 
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11.696 
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14.166 

1,1.29 8 
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14.416 
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14.294 

15.163 
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14.877 

12.831 
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16 . 484 
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16.936 

11.227 
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16.636 
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6 . 166 
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9.379 

6.461 

14.987 

11.195 
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17.839 

11.419 
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16.800 

11.613 
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14.963 

11.376 
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17.239 

12.61/ 
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16.117 
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6.166 

17.044 

11.061 
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17.033 
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6.341 

16.105 
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16.990 
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15.798 
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Q 
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1357.1 

1325.0 

1399.8 
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1325.2 


R-9049 

61 


TABLE 4. (Concluded) 


I 




POSN 

1 

2 

S 

4 

5 

6 
7 
B 
9 

10 

11 

12 

13 

14 

15 

16 
1 / 
18 

19 
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Figure 27. Maximum Base Seal Shear Deformation 
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on the tuel manifold translates to point b‘ as a function of the thermal expansron 
and contraction, thereby producing considerable shear deformation (0.476 inch) in 
the seal. The amount of shear deformation gradually decreases from the maximum 
value shown to zero at the midsection of the seal. 

Several designs were subjected to simulated engine shear deformation tests. The 
test setup consisted of 1 - inch-diameter CRES tubing to which the seal was welded. 
Rigid mounting was provided so that the total thermal movement of the seal was 
simulated. Liquid nitrogen was employed to chill the cold side. Hot nitrogen 
gas was supplied from a furnace-mounted coil to heat the hot side. The hot-side 
temperature was overdriven to 800 F (585 F nominal engine operating temperature) 
to compensate for the higher- than- normal temperature of the cold side (-200 F 
versus -400 F during engine operation). The differential temperature of 1000 F 
was simulated producing the same relative thermal movement of the seal as would 
be seen during actual engine operation. 

As a result of the laboratory temperature-cycling tests, it was concluded that a 
seal was needed offering considerable flexibility and. consequently, resistance 
to damage as a result of shear deformation. 

The fit -.1 waffle pattern design was evolved to provide a maximum of flexibility. 

A 5- inch by 5- inch square sample (to determine the feasibility of fabrication) was 
fabricated of 0.016- inch 302 stainless steel. 

The sample was fully annealed and installed in a test setup in which two parallel 
sides of the test sample were welded to stainless-steel bars. One bar was rigidly 
held, while the other bar was held with a pin slot mechanism. A hydraulic actuator 
was used to offset the latter bar, thereby placing the test part in shear deforma- 
tion. A dial indicator was used to measure the amount of offset. A total of 330 
mechanical cycles (shear deformation) were performed at displacements ranging from 
0.1 inch to 0.5 inch. A total of 330 cycles were performed with 110 of the cycles 
made at 0.5-inch deformation. During cycling at all displacements, the part ex- 
hibited excellent flexibility. No tendency to buckle or crack was noted except 
adjacent to those cracks that were in the part before testing. 
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Follov.ing completion of mechanical cycling, the flat sample was formed around a 
2 - inch-diameter mandrel, thereby simulating the part as it will be installed on 
the engine. The part formed readily exhibiting no cracking, buckling, or deform 
atlon tendencies during the forming operation (Fig. 28 ). 


The engine configuration employs a base seal 8 inches wide forr d in a U shape 
with a 1 -inch-diameter radius. The part tested was only 5 inches wide and was 
able to comply with the deflection requirements. 


A 7.5- by 7.5-inch mitered corner sample was fabricated using the waffle pattern. 
The sample was installed in the mechanical cycling test setup as shown in Fig. 29 . 
The setup consisted of welding the outer periphery of the seal to a rigid metal 
bracket with the inner periphery of the seal welded to a steel plate, which could 
be displaced with a hydraulic actuator along a line parallel to the resultant 
displacmeent of the interior corner. 


The corner was subjected to 113 mechanical cycles at a displacement of 0.482 inch 
A double-exposed photograph of the test sample during mechanical cycling is shown 
in Fig. 30 . A small crack developed in the mitered weld after 87 cycles. Analy 
sis of the crack indicated that the weld was thin at the point of failure due to 
an improper fit prior to welding. Tne test indicated the waffle pattern miter 
corner design to have adequate flexibility and cycle life for the application. 
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igure 28. Waffle Pattern Seal Sample After Forming to Simulate t.ngi 
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SYSTEM OPERATION AND PERFORMANCE 


TEST SUMMARY 

Forty-four tests were conducted on test bed No. 1 at test stand Delta-2B. Fourteen 
tests were ignition/transition tests and 30 tests were mainstage tests, tight of 
the ignition/transition tests were in conjunction with the fluorine ignition sys- 
tem, and six were associated with the combustion wave ignition system. Twenty- 
one of the mainstage tests achieved mainstage for a total mainstage duration of 
3112.9 seconds. Three of the mainstage tests exceeded 500 seconds duration (tests 
624-022, 023, and 028). Major test objectives, conditions, and results are shown 

in Table . a. 

START AND CUTOFF 
Engine Start 

Two engine start techniques were developed on this program to be compatible with 
the two ignition systems evaluated. Prior to the first engine tests with each 
ignition system, the start sequences were selected with the aid of a digitai start 
model written for this program. Ignition system dependent engi.ie start constraints 
were investigated during a multisegment component program which is discussed else- 

where in this report. 


Fluorine Ignition Start 

The start sequence developed for the fluorine ignition system is presented in 
Fig.ire 51. When an engine start signal is received, the helium control solenoi 
is opened to supply control pressure to the valves, and an engine start timer is 
started to allow sufficient time for charging the engine helium accumulatot. pon 
expiration of the engine start timer, the engine start solenoid, mainstage start 
solenoid, igniter fluorine, and igniter LOX valves are opened and an ignition stage 
timer is started. The main propellant valves are sequenced to provide a gaseous 
oxygen lead, a necessity discovered during the multisegment program. During the 
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TABLE 4a. LINEAR TEST BED PROGRAM, TEST SUMMARY 


S o 

0) CM 

S • tt a 

«, 1 5 5 1 

iH T5 fl -P ^ 

I ®J iH O *H CO 

> H T-i ;3 

•H 4^ p H 

TJ x: p H H 

, ^ o d3 *H < 

0) P o 


•H • C3 
Vi h C ^ O 

« ^ *H > T 3 
•H -P 4) 0) 

»o a P 

^ 0) C M 

X Pi tjo q d 

o o ^ 


4) C +> 

+J fl> c 


S' « 

S'. ° 

• p q 

no 

q q p 
P H W 
j:: N d 

to ta > 
•HOD 
fH fl 




S 

d ^ 'D 

o xj q 
p q 
P CVJ iH 
•H H P 


00 q no o 
Ih ® *H O 
•H q X H 
Cm Ih O O 

> o q ® 


d 

•H I 

o • o 

Ox® S < 

o N 
*H fe 4 • 

g Q q 

fi ® s 

q o p 

O P Vh 

q 

D P 

o q d 

«H 

CO 0 

q C p 


^ S 

^ Q 


•H « F 5 

0 q 

m > « 


0 T3 
d q 

P ® ?H 


d ® • *«-i 

'iiO 0 O Vi 
•H » p 


p d 0 

6 W »H 
S CO (0 

P q P 

pH 


H m •HI 
d m ml 


> ^ 
Vi -H O 
o -P ^ 

i| I 

o *-• 


«i *r 

A ^ 

(V 


li § 


R-9049 

72 




Ceramic coating was exte 
15 inch. Ignition was 
satisfactorily detected. 
Fuel spin did not occur. 
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Figure 31. Test Bed No. 1 Start Sequence (Fluorine Ignition) 


ignition stage, main oxidizer, main fuel, and igniter fluorine are supplied in a 
gaseous state to the thrust chamber combustors. When ignition has been detected 
and the ignition timer has expired, the gaseous hydrogen spin valve is opened to 
power the turbomachinery, a gas generator igniter timer is started, and the spin 
duration timer is activated. The turbopumps are powered with the main oxidizer 
valve at a first-stage position of 13.5 degrees until the oxidizer dome has primed 
and the engine is operating at a throttled position under spin gas power. The 
gas generator igniters are fired during the spinup period, and at the expiration 
of the spin timer, the gas generator control valve is opened, the igniter fluorine 
and spin valves are closed, and the main oxidizer valve is ramped to full open as 
the engine bootstraps into mainstage. 

Combustion Wave Ignition Start 

The engine start logic for the combustion wave igniter (Fig. 32) required a 
substantial modification to the start sequence prior to the spin start signal. 

The sequence was modified to provide a gaseous hydrogen lead, and an ignition 
delay timer to allow the combustion wave manifold to prime with gaseous propellant. 
At engine start, the engine start solenoid and main fuel valve are opened, and a 
mainstage start timer is started. When the mainstage start timer has expired, 
the mainstage start solenoid is actuated opening the main oxidizer valve to 12 
degrees, the ignition system propellant valves are opened, and the ignition delay 
timer is activated. Upon expiration of the ignition delay timer. ..;e spark unit 
is fired sending a combustion wave to the combustors, and the igniter oxidizer 
valve is closed to prevent afterfire in the premixer unit. An ignition-detect 
timer is started to allow time for the detection of 20 injection temperature rise 
rates. When ignition has been detected and the timer has expired, the spin valve 
is opened and the start sequence from this point is identical with the fluorine 
sequence. Typical start transients are presented in Fig. 33 through 38 


Enf^ine Cutoff 

Approximately 70 pounds of liquid oxygen are stored downstream of the main 
oxidizer valve on test bed No. 1. Cutoff model studies showed that an oxidizer 
side purge at cutoff would result in a sustained oxidizer-rich condition that 
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would undoubtedly be Zm the LnHold and result 

r;:i\reo:ri:: it::;!:: ri transient. . .ss.. .ei ..en 

purge -as selected as a nethod o( - .tlnguishing the conbustors as gutckly 
Mni H«at transfer analysis showed that a fuel purge was feasible 
Tols rs - d iven through stolchlonetric nixture ratio and flaneout ,uickly 
T A S Ib/sec heliun fuel-side purge actuated by a conparator circuit on 
::t;n l!; re position indicator -as selected as the cutoff nethod. The 

cutoff sequence is shown in Fig. 39. 

the igniter valve closes (igniter LOX valve in the 
At engine cutoff signal, tne igniici vax 

^ ^ • n^ter fuel valve in the combustion wave sequence), the 

fluorine sequence and igniter fuel vaive in ^ 

nalr, stage start and nalnstag. control r o.enold 

T Tt^:l:rl^:: r .0 .. ..1 

inerted. 

A typical cutoff transient is presented in Fig. 40. 

IGNITION SYSTEM OPERATION 

V j M/.. 1 IQ rests were run using the gaseous 

Of the 44 tests conducted on test bed. No. 1,19 tests were 

ot the 44 combustion -ave 

fluorine ignition system, and 24 tests -ere 

igniter. A description of the operation of these system follo-s. 

Fluorine Ignition System 

p. -rlne ignition -as accomplished -Ith a gaseous oxygen and gaseous fluorine 
1. 0 the thrust chamber combustors, follo-ed by the Introduction of gaseous 

hydrogen after main fuel val.e actuation. The 20 fluorine igniter elements -hich 
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hydrogen/oxygen mixture ratio. This ignition sequencing resulted in 19 successful 
ignitions. The ignition-detection method used on all test bed No. 1 tests was 
developed during the fluorine ignition component test series. The inner contour 
wall discharge temperature (fuel injection temperature) was monitored on all 20 
combustors; a temperature rise rate in excess of 40 degrees/sec was required on 
all combustors to signal ignition detectea. Operationally, ignition is detected 
by amplifying the output of 20 fuel injection thermocouples and electronically 
determining the slope of each signal during the ignition-detection period. If 
all 20 signals exhibit a slope exceeding 40 degrees/sec before the ignition- 
detection timer expires, an ignition-detected signal is locked in and turbine 
spinup is allowed to proceed. The minimum rise rate of 40 degrees/sec was 
dictated by the minimum signal -to-noise ratio of the detection circuitry. Multi- 
segment testing showed positive ignitions at fuel injection temperature rates as 

low as 15 degrees/sec. 

No ignition system malfunctions or hardware damage were sustained with the 
fluorine ignition system. Ignition occurred on every test, although several 
tests were required to adjust the injector mixture ratio so that a detectable 
fuel injection temperature slope rate could be obtained. 


Combustion Wave Ignition System 

The combustion wave ignition system was first operated on test 624-007 in 1971 
and resulted in a successful, detected ignition on all combustors. Because of 
the nature of the start sequence required for the test bed No. 1 combustion wave 
igniter concept, an open-air detonation occurred at ignition, necessitating 
the use of thrust chamber exit igniters on subsequent tests. In the combustion 
wave ignition sequence, the main fuel valve is opened at engine start to provide 
a gaseous fuel lead to the combustors. When the main fuel valve reaches fully 
open, the igniter propellant valves are opened to allow priming of the combustion 
wave manifold with gaseous, premixed propellants under tank-head pressure. The 
main oxidizer valve is opened to the 12-degree position and sufficient time is 
allowed to prime the oxidizer feed system and injector manifolds with gaseous 
oxygen. WTien the igniter and main propellant manifolds have been filled with 


R-9049 

93 



gaseous propellants, a spark plug is fired in the premixer and a combustion wave 
is generated through the premixed propellants flowing through the combustion wave 
manifold. As the combustion wave propagates through the manifold, a shock front 
soon develops and propagates into a detonation wave with a recovery temperature 
in excess of 5000 F. The detonation wave exits into the combustors through 20 
igniter elements similar in design to the fluorine elements, igniting the triaxial 
igniter elements which propagate combustion across the injector face. The igniter 
oxidizer valve is closed within 50 milliseconds after the spark signal to prevent 
sustained combustion in the premixer. The igniter fuel valve remains open during 
spinup and mainstage and provides a positive purge of the combustion wave manifold 
to prevent cross-flow communication between combustors. A schematic description 
of the combustion wave ignition process is shown in Fig. 41 . 

All 24 tests conducted with the combustion wave ignition system resulted in 
successful ignition in 20 segments. Beceuse of the fuel lead start and the reduced 
first-stage main oxidizer valve angle investigated during this test series, pump 
inlet conditions were varied on several tests until an acceptable ignition mixture 
ratio for ignition detection was achieved. 

IGNITION SYSTEMS PROBLEM RESOLUTION 

Most ignition system problem areas were resolved during the component development 
program conducted at the Los Angeles Division Thermodynamics Laboratory, the 
Rochetdyne Propulsion Research Area, and CTL-3 multisegment test stand. A summary 
of problems solved during components testing is presented below; a detailed dis- 
cussion of the ignition systems component development program is discussed else- 

where in this report. 

1. Injector Ignition Limits-injector mixture ratios exceeding 1.25 were 
found necessary for oxygen-hydrogen ignition with either gaseous fluorine 

or co.mbustion wave ignition 

2. Ignition Detection-externally mounted thermocouples we.e proved inadequate 
for monitoring ignition detection. The inner contour wall discharge tem- 
perature thermocouples were monitored through a slope detection circuit 

to successfully detect main propellant ignition. 

R-9049 

94 



7. PHOT AFT« lOHITIOM IT 2 



3. Fuel-lead Start-The proposed fuel-lead start sequence for test bed 
No. 1 with the fluorine ignition was proved inadequate for ignition- 
detection purposes during multisegment testing. A successful oxygen- 
lead sequence was developed during multisegment testing and was used 
during test bed No. 1 evaluation. 

4, Fluorine-Hydrogen Hypergoiicity-Two Instances of fluorine-hydrogen Ig- 
nition failure were ui. countered on the nultisegnent with the fuel-lead 
start sequence. The problem could not be duplicated in an extensive 
test series conducted with identical test setup conditions. The problem 
was considered a statistical result of marginal operating conditions 
with the fuel lead caused by poor element mixing and high combustion 
tone velocity. The oxygen- lead sequence, which allowed both the igniter 
element and main injector to pass through stoichiometric o.xturc ratio, 
resulted in no ignition failures. 

5 . I'rcnu.vet Combustion-The premixer design tor test bed No. 1 did not 

allow cyclic combustion wave generation. An unidentified heat source in 
the premixer, eituer a hot surface or low-level combustion in the pre- 
mixer element, resulted in sustained combustion on attempts to reprime 
the premixer with oxygen and hydrogen. Tne premixer can be redesigned 
to eliminate hot spots and to purge the oxidizer manifold prior to 
reclycling the combustion wave process. 

.ring engine testing, ignition-detection problems were encountered with the 
lope detection system. The signal-to-nolse ratio of the amplification circu. 
id not allow slope detection rates of less than 40 degrees per second to be 
onitored. The ignition mixture ratio was increased by adjusting pump inlet con- 
itions, and successful ignition detection was achieved. An open-air detonation 
robiem with the combustion wave sequence was discovered on the first engine test 
ith this system. Exit igniters were provided on each side of the thrust chamber 
oeliminate the problem. An additional test was conducted without exit igniters 
ising approximately one-half the propellant priming time used on the tirst test, 
in open-air detonation still occurred at igniticn, and the exit igniters were re- 
installed for the remaining tests on the engine. 
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MAINSTAGE PERFORMAInCE 


Performance data on a:l tests which achieved mainstage are shown in Table 5 . 
Detailed data for test 624-029 are shown in Table 6 , which also reflects the 
••rated performance" based on test 624-029. "Rated performance" is at sea level 
with nominal engine inlet pressures, design chamber pressure, engine mixture 
ratio, ana fuel turbine inlet temperature. 

The site engine specific impulse relative to average and mixture ratio is 
shown in Fig. 42. Tlie correlation with P^ is exceptionally good. 

Perfonr.ance-time trends are shown in Fig. 43 through 45 . Compared to the J-2S 
engine, test bed Mo. 1 stabilizes rapidly. The thrust change from 30 *o 120 
second! mainstage duration is 2.2 percent for J-2S and 0.73 percent for test bed 
No. 1. 


Figures 46 through 5C show the engine performance variations resulting from pro- 
pellant utilization valve operation on test 624-028. The average AMR obtained 
with the PU valve from closed to open was 0.82 mixture ratio units. AMR can 
readily be increased by increasing the PU valve inlet orifice diameter (test bed 
No. 1 utilized the J-2S valve configuration). 


The gain factors applicable to test bed No. 1 were determined empirically from 
test data to be as follows: 
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THRUST VECTOR MEASUREMENTS 

The thrust measuring system for test bed No. 1 is shown in Fig. 51 . Although 
the system is redundant, the additional attach points were considered necessary 
to properly restrain the assembly during transient operating periods or in the 
event of a test bed malfunction. Careful attention to hardware and facility 
alignments while operating the test bed permitted accurate resolution of the true 
thrust vector. Comparison of thrust vectors, with and without the additional 
restraints, showed insignificant thrust vector changes. 

Test bed No. 1 thrust vector readings are recorded in Table 7 . Note that 

was not measured in the X-plane during tests 624-009 through 624-011. 

AS an aid to analysis, system and thrust chamber values of site mixture ratio and 
average chamber pressure and system thrust also are given in Table 7 . 

At present, no differences are shown between engine and thrust chamber values of 
thrust. Thrust contributions by the turbine exhaust gases with the present end 
fence configuration are not measured separately and are assigned as part of thrust 

chamber thrust. 
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TABLE 5. (Continued) 
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TABLE 5. (Concluded) 




table 6. TEST BED SO. 1 MAISSTAGE PBRIDPMASCE 
TEST 62U-O29 A' £ BATED 


system Performance (Site) 

Test 624-029 
(Site) 


Thrust, pounds 
Mixtvire Ratio 
Specific latpulse, seconds 
Oxidizer Weight Flow, lb/ sec 
Fuel Weight Flow, lb/ ^ 
Total Weight Flow, lb/ sec 
Ambient Pressure 

206520 

5.5237 

340.87 
512.99 

92.87 
605.85 
13.81 

Thrust Chamber Performance— Average 


Mixture Ratio \ 

Pressure Injector, psia (Static; 

c* Injector 
C* Efficiency Nozzle 
Oxidizer Weight Flow (Total), lb/ sec 
Fuel Weight Flow (Total), lb/ sec 
Total Weight Flow, lb/ sec 0 

T%iroat Area Correction (Total), in. 
Expansion Ratio (Estimated) 

5.8926 

1248.4 

7541.64 

0.9709 

507.17 

86.07 

593.24 

111.38 

115.82 

Fuel Pump Performance 


Xalet Pressure, psia (Total) 
Outlet Pressure, psia (Total) 
Inlet Density, Ib/cu ft 
Outlet Density, Ib/cu ft 
Puap Speed, rpa 
Head, feet 
Volume Flow, gpm 
Weight Flow, lb/ sec 
Efficiency, percent 
Required Horsepower 

43.03 

2146.66 

4.409 

4.615 

30986 

64620.6 

9454.96 

92.87 

0.7227 

15098.8 

Oxidizer Pump Performance 


Inlet Pressure, psia (Total) 
Outlet Pressure, psia (Tetal) 
Inlet Density, Ib/cu ft 
Outlet Density, Ib/cu ft 
Pvnatp Speed, rpm 
Head, feet 
Volvme Flow, gpm 
Weight Flow, lb/ sec 
Efficiency, percent 
R9<iulrcd Horsepovtr 

50.77 

1797.79 

70.69 

fl.O 

10960 

3543.2 

3246.1 

512.99 

0.7258 

4672.1 


Rated* 
(Sea Level) 


5.5000 


501.30 
91.15 
592 M 

14.T0 


5.8285 

1224.0 

7555.35 

0.9709 

495.55 

85.02 



U5.82 


30.00 

2U9.43 

4.401 

4.606 

30851 

64227.3 

9295.9 

91.15 

0.7219 

14744.6 


39.00 

1749.11 

70.89 

70.88 

10037 

3474.2 
3178.4 
501.30 

0.7242 

4466.3 


TABLE 6. (Concluded) 


Gas Generator Performance 


Oxidizer Weight Elov, Ih/sec 
Oxidizer Densil^, Ih/cu ft 
Fuel Weight Flow, lb/ sec 
Fuel Density, Ib/cu ft 
Total Weight Flow, lb/ sec 
Mixture Ratio 

Pressure Injector Calculated, 


psia 


Fuel Turbine Performance 

Total Weight Flow, Ib/sec 
Iiilet Pressure, psia (Total) 
Exit Pressure, psia (Static) 
Pres8\ire Ratio . 

Inlet Pressure, psia (Static) 
Inlet Temperature, R 
Exit Temperature, R 
Developed Horsepower 
Efficiency, percent 


Oxidizer Turbine Performance 

Total Weight Flow, 

Inlet Pressure, psia (Total) 
Exit Pressure, psia (Static) 
Pressure Ratio 

Inlet Pressure, psia (Static) 
Inlet Temperature, R 
Exit Temperature, R 
Developed Horsepower 
Efficiency, percent 


Test 624-029 

(Site) 


5.815 

70.78 

6.801 

4.39 ^ 

12.616 

0.855 

1116.00 


12.616 

1060.83 

118.71 

8.936 

1045.81 

1516.4 

1030.18 

15098.7 

0.6353 


10.983 

117.15 

40.46 

2.896 

114.36 
1030.18 

886.36 

4672.1 

0.5936 


Rated* 
(Sea Level) 


5.75 

70.79 

6.125 

4.38 

11.877 

0.939 

1076.91 


11.877 

1023.84 

112.97 

9.063 

1009.39 

1660.3 

1138.25 

14744.6 

0.6247 


10.168 

111.60 

38.93 

2.867 

108.95 

1138.25 

983.07 

4488.3 

0.5870 


♦toted Pg, MR, and T 
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Figure 48. Linear Test Bed Program, Test Bed No. 1 Performance vs 
Mixture Ratio, Test 624-028 
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Fieure 50. Linear Test Bed Program, Test Bed No. 1 Performance 
vs Mixture Ratio, Test 624-028 
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Figure 51. Load Cell Locations and Axis Definitions 
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TABLE 7. LINEAR TEST BED PROGRAM TEST BED NO. 1, THRUST VECTOR DATA 



♦ Thrust not measured in this axis 


TABLE 7. (Continued) 



TABLE 7 . (Concluded) 



Corrections were applied to the resultant thrust vector to correct for LOX and 
fuel inlet duct forces. The dumped water flowrate through the end fences of 
approximately 40 Ib/sec contributed about 295 pounds of force; however, pretest 
t hrust measurement zeros were taken with the water flowing and test values did 
not require correction. 

Test-to-test consistency on the thrust vector measurement is shown in Fig. 52, 
which indicates the thrust vector pier:e point displacements from the gimbal 
center in the X-Z plane. This value is unaffected by the missing load measure- 
ments along the X axis . 

THRUST CHAMBER PERFORMANCE 

The relationship of chamber pressure and mixture ratio for the mainstage tests 
performed on breadboard No. 1 engine are displayed in Fig.53 . A fairly uniform 
rel.rtionship exists, as the figure indicates. Performance data are displayed as 
a function of chamber pressure only because, for this engine, knowing a chamber 
pressure implies a corresponding mixture ratio. 

Figure 54 displays the results of mainstage tests of site engine specific impulse 
as an average value of 346 seconds indicated at a chamber pressure of 1200 psia. 

Site specific impulse was computed using measured thrust as being the result of 
the summation of the vertical load cell measurements. Measured flowrates from 
the facility flowmeter was used for the engine flow rate. 

Figure 54 displays c* efficiency as a function of chamber pressure for the main- 
stage tests. The darkened symbols reflect c* computed using an estimated throat 
area change of approximately 2 percent posttest 005 caused by the chamber erosions 

The latter tests in the series indicated a depressed c* efficiency as compared to 
the earlier testing. This was brought about by an accumulation of hydrogen leaks 
in the combustors due to wall erosions and leakages from the noitle. 
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Figure 52. 


Linear Test Bed Program Thrust Vector Analysis; 
Pierce Point Displacement in the X-Z Plane 



Breadboard No . 1 Engine Mixture 




ine Performance vs Oiamber Pressure 







Characteristic velocity was computed from: 


, ^NS 


W 


primary 


Where 


NS 


c Avg 


/ Momentum correction \ 
V Rayleigh Loss / 





r • 2 • 2 ^ 

v/ W 


144 


f ^ -2— 

Momentum Correction = 

1 ^ A P W 


•^f A. ^0 A 


L inj c avg j 


f 0 J 


where A , A- is the oxidizer and fuel injection area, respectively. Rayleigh loss 
was a curve fit of the Rayleigh loss as a function of contraction ratio. Average 
contraction ratio was used. The value of the Rayleigh was approximately 

1.022. The throat area was taken as: 


r 20 1 


- 

/ L X G 

1 

20 X 0.000269 (P -100) 

1 

m, ^ 

1 

avg 


\ 

or, the sum of individual throat areas corrected for pressure effects on the throat 
area (approximately 3.2 percent). The discharge coefficient was used as a product 
of the potential flow discharge coefficient and boundary layer viscous effects 

(Cp«0.99). 

The primary flowrate was computed by subtracting the estimated gas generator 
flows from measured engine flows; c* efficiency was computed from. 


^c* 


X 100 


theor 
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i 
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The site data recorded for the breadboard engine corrects to an altitude speci ic 
performance value of 455 seconds utilizing existing wind tunnel data to correct 
the nozzle thrust coefficient from the test pressure ratio to vacuum. Vacuum I, 

was computed as followst 


Vacuum Ig 




measured 

where C-. measured = ^ 

‘ F optimum 

Cy ratio = wind tunnel data 

best fit for linear nozzle (Fig. 55 ) 

£ overall = overall expansion area ratio 

PR s design pressure ratio 


Measured Nozzle Pressure Profiles 

Figures 56 through 58 display measured nozzle wall pressures as compared to the 
predicted pressure profiles at chamber pressures of 600. 900. and 1200 psia. 
Ripples developed in the nozzle wall near the upstream pressure tap. Attempts 
were made to correct the measured values for this effect, as indicated in t e 
figures. The measured values, in general, agree quite well with the theoretical 
predicted values particularly at chamber pressures of 900 psi or greater. 


Nozzle Heat Load 

Figure 59 indicates the measured nozzle heat load of Btu/sec as a function of 
the operating pressure ratio of the engine for all mainstage tests. The antici- 
pated relationship is indicated in the figure. The data indicate good agreement 
with expected values near 1200-psi chamber pressure. The nozzle heat loa was 
below expected values at lower chamber pressures. 
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Base Pressure Measurements 




Figure 60 shows the average values of the base pressure measurements taken for the 
malnstage tests as a function of engine operating pressure ratio. The base pres- 
sure was nearly constant at 96 percent of the ambient pressure. Figure 61 indi- 
cates the distribution of pressure longitudinally and in the transverse direction 
across the base. Base pressure tended to be lower near the edges and peaked near 
the center portion of the base. 


Measured Fuel Injection Temperatures 

Figures 62 and 63 display the outer contour wall and inner contour wall fuel 
injection temperatures for each combustor recorded during mainstage testing. 

Specific data points are not shown in the interest of clarity. Lines drawn on 
the figures for each combustor represent the average of the data obtained for that 
combustor. The data were quite consistent permitting the outer contour wall temper- 
ature to be defined in terms of inner contour wall temperature. Combustor 6 (Fig. 
62j indicated the largest differential between inner and outer wall contour temper- 
ature varying from a differential of approximately 100 to 150 F. The inner contour 
wall temperature was higher than the outer contour wall. 


The data were used in this form to obtain an average injection temperature in per- 
formance and flow distribution studies. The limitation of the number of channels 
available for recording temperature would not permit simultaneous recording of all 

40 injection temperature values. 


Comparison of Design and Test Operatin g Conditions 

Table 8 compares selected engine and combustor segment operating parameters tor 
test 029 to the values anticipated in the original design. 

The system flow resistance and pressure drop was less than anticipated. The com- 
bustor average throat area was larger than design. The throat areas of the combus 
tors will be sited during fabrication to maintain desired values in future use. 
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_ Mrt 1 Combustor Flow Balance Studies, 

Figure 62. Outer Contour Wall Tencerature 

(Test 016-029) 


»■< 
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Figure 


jlnner Contovir Wall Temperature - n 


63. Linear Breadboard No. 1 Combustor Flow Balance 
Studies, Inner Temperature vs Outer Contour Wall 
Temperature (Test 016-029) 
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hardware durability 

A total of 44 tests »as performed on breadboard engine No. 1. Included in this 
total were 23 mainstage tests, achieving an accu«lated nainstage duratron of • 

seconds. Table 9 presents the hardware condition associated with each test. 

The initial tests demonstrated the operational and structural integrity of the 
test bed hardware. Ignition, start, malnstage, and cutoff operations were veri- 
fied with no serious hardware discrepancies noted. The combustors, injectors, 
injection elements, igniter elements, turbine exhaust, turbine exhaust ase sea , 
and all structural members exhibited excellent durability. The only har ware dis- 
Trepalcies were associated with the tube wall noitles. end fences, an t e c m u - 
tor walls. These abnormalities did not preclude achieving the overall test objec 
ti.es, and are of the type normally encountered during initial testing o 

concept . 

amconi- flfhccrintions of the problem areas with explanation 
The following sections present descriptions or ii f 

as to cause and the proposed method of correction on future designs. 

NOZZLE TUBE DURABILITY 

Tube erosion was observed after the initial ignition test (024-001, and was ex- 
perienced only with the nettle tubes. Tube erosion was observed on 

tubes adjacent to combustors 1, 2, 3, 8. 9, and 10 on the road ^ ' 

tors 12. 13. 15, 18, 19, and 20 on the flame si.'e. The location of the segments 

whic! exhibited eroded nozzle tubes is shown in I ig. 6^* . 

The erosions began 0.2S inch below the tube-to-copper transition interface, and 
were 0.1 to 0.4 inch in length. Typical tube erosion is shown in Fig. 65. 

V elori Piffure66 indicates the number and location of 

total of 198 tubes was eroded. Figure t>o ina 

the eroded tubes with respect to each combustor. 
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Hirust 

Accioailated 
Tests Time 

Test Objectives 

? 

Test Conditions 

Chamber 
Average 
ressure, Avi 
ps la 1 


1 Ifnltlon EvtluAt* ifnitlgn 
only ch«r«cti ristici 


3 Ignition 
•nd fu«l 
spin 
only 


Evtiuatc Ignition ch«rtc- 
tonstics with sodified 
Ignition ftnd cutoff se- 
quences to airuB'.ze eu- 
sion. Zirconiua oxide on 
noiile froa transition 
piece eft 3 inches 

Eveliiete ignition end fuel 
spin cheractenstics. 
Zirconiua oxide on noz- 
zle extended to 18 inches 


Seae test C03 


Idiier *nlet 31 psig, 
fuel 36 psig; open GC 
bleed; no cutoff purges 

IZ degree HOV angle, ox- 
idizer inlet 31 psig, 
fuel in 40 psig. Closed 
GC LOX bleed. So cutoff 
purges 


13.5 degree MOV engle, 

31 psig oxidizer inlet; 
fuel inlet 46 psig. 
Closed GG LOX bleed. 

Fuel end oxidizer (.utoff 
purges 


No 

discrapencles 


Mo 

discrepancies 


Coabustor Walls I 

Mo wall discrepancies. Trans- i 
ition piece eroded at interlace ! 
with tubes. Condition »ore I 
severe on fla*e side j 
No discrepancies 


discrepancies discrepancies 


No 

discrepancies 


No discrepancies 


discrepancies 


No discrepanc les 

discrepancies discrepancies 


rjwn erosions 
rs 1. 2. 3. 

.S. 18. 19, 20 


tcsOK. Slight 
r ■ f tube hot 
I- •,-.-ea» of zir- 
I ,,;e coating. 


. v> Ji Sv repar.cies 


Ulight -avrs in both nozzles Two, 
I between . a.nd 2, 2 and 3, eac 1 
it and 4 “'■at bands 


Evaluate ignition fuel 
and oxidizer spin 
charactenst i cs 


Evaluate igrition fuel 
and ox idi zer spin 
characteristics 


Same as test 003 e>cept 
no LOX cutoff purge. 
Fuel inlet 41 psig 


Sa»e as COS except 
oxidizer inlet 36 psia. 
Ignition-detection tiaar 
extended CO as 


No discrepancies 


Same as test 006 except Facility LOX bleed valve 

spin timer extended O.S open prior to test 

second to achieve doae 
prime 


Ignition and bootstrap Same as test 00? 
evaluation. End fence 
buckles straightened. 

Gussetts slotted to pro- 
vide strain ral lef . 

Evaluate aainstage opera- Saae as test 007, 5-sac- 
tion, 5 seconds ond aainstaga-operition 

at null PI! , full purges 
[installed to four ends 


discrepancies discrepancies 


No discrepancies 


discrepancies discrepancies 


No 

di screpancies 


No discrepancies 


discrepancies 


No discrepancies 


discrepancies discrepancies 


^ Slight wall roughness noted 

discrepancies discrepancies doivnstream of oridizer 
elements 


I Waves ::le remain 

j unc bargee 


[■arx St real noted or. nozzle Bu 
, 7(1 f ii: >rgth below each un 
igr . ter e eeient Waves re- 
main .ir.cba- ged 


!wav- pattern change. Road 
I Si de . between hat 

ibTr’i ; a.nd . . 2 between 2 
[and gusset 3 

4 , F :ar r Side 2 waves 
'between T.i' nanJ ! and Z, 1 
[between. . ar i 3. 1 between 5 
land 4. . gn chipping of 

zirconium ' .Je at .3- and !*> 
ijnen wiie ;-*erface 

in — :’.e sane as test 
Iir. - .'un oxide con- 
Itinues ^0 ■ off at 3- to 
lS-;n.b -'o'face 


'■ » Zirconium 
chipping 

■ ch wide band of 
VI. -e severe on 
le -f engine 


12-21-71 


Evaluate extended mam- S&me as test 009 
stage operation and dur- 
ability, IS seconds 



Evaluate extended main- 
stage operation and dur- 
ability null and maiiMa 
PU 

Saae as Oil, 100- second 
> mainstage test 


Same as test Old, 

Null Pd - ZO seconds 1014 

Maximum PU - 10 seconds 11^7 

Saae as test Oil ; 

Null PU - 10 seconds 1021 

Maximum PU - 6S se^'cnds 1130 

Mull ?[} - 15 seconds 1020 

Zirconium oxide renlacmd on 
combustors 18, 19, and 20 


Mainstage evaluation 
following repair of noz- 
zle leaks Ai 1 leaks re- 
paired except center of 
flame side (30 -second 
durat lonl 

Nozzle hat band and purge 
system installed oxidizer 
elements peened to reduce 
LOX flow in al ignment 
with erosions 3 on com- 
bustors 6, I on coabustor 


Same as 012 except 
PU - 20 seconds nul 1 
PU - 10 seconds na-iim 


discrapancieri (discrepancies 

SU,t.t tip .ro- No Slight intro... in ..11 

Sion combustors discrepancies roughness 
3 and 8 


Elements 3 and Same as Oil 

8 slight tip 

erosion 


Elements 3 and No 

8 slight tip discrepancies 

erosion 


Three small erosions on com- 
I bustor No. 6, I small erosion 
' .Ml combustor 11, all erosions 
; ..'n icw, general wall Surface 
condition continues to increase 
1 in roughness . 


Erosions noted on combustor 
KW. Combustors 6 and II did 
not increase in magnitude. 
posts in alignment with ero- 
sions peened pretest fine smal 
new eris n noted oo combustor 
No . r N w 

(.eneral '•.ill surtace m'ighness 

increase'' i" magr. i t..d« 


tide continues 
• ? as described 


Zir.>r;.ni «'.de continues 
to .hip ff New coating 

be’.'iw .cir.b.stors 18, 19, and 
ZO Fxtensi.e chipping. No 
tube er s. hJted on ex- 
pose-1 t .bes Posttest noz- 
zle leax .. he-.k iX leaks on 
t.ame -^iJe. ■» on road side 
cold Mir ..f nozzle 
Zi rci'niim 'xiie continues 
to chip .ft No evidence 

of t ibe er . sior 


Mainstage evaluation 
following repair of leak 
in aidsection of flame 
side of nozzle and instal- 
lation of deflectors or 
cold side of nozzle. Fx- 
temal base pressure 
probes installed 

Same as Of' I 


Same as O'l, '0- second 
•a in stage 


Same as 012, 

20 taconda nominal 
20 ttconda MalSMi 
20 sacondt minimun 
10 saconds nominal 


Slifh* ignition No 

tip aroslon on diicrapancits 

co^stors 1. 

2. 3, 4. S. 7. 

8, », 10. 

15, II, •«<* 20 


Erosions on c>,-mb>iStor ICW^on 
combustor 6 anl U, and I' 
siight increase One verv 
small ICM erosion noted on 
combustor 20. sight increase 
in .ombustor wall roughness 


Zirconium oxide continues 
to chip off 


Same ai 003, base pres- 
sure probes repaired. 
Terget 2o0 seNondi main- 
stage test Oxidizer 
elements in elignmant 
with erosions repeened 
3 on combustor a, I on 
combustor 11. I on com- 


i 


.. ■Ty*'''V4K3»^ 


t tub« crown erosions 
combustors I, 2 , S, 

10, 13, IS. 18. 19, 20 

e il« tubes OK. Shg*it 
kicetion of tube hot 
»t» do<n»stre»a of iir- 
nlus oxide coating. 


Turbine Ejiheust 

End Fence* end Base Seal Co—tfitj 

NO discrepanciee No discrepancies Tube erosions probably caused by 
^ high m during Ignition and cut- 

off transients. Satisfactory igni- 
lion all combustors. 

No discrepancies No discrepancies Satisfactory ignition all segment*. 


No discrepancies No discrepancies Spin shutoff valve ^ 

Spin not achieved. All segments 
ignited. 


dtht Mtvcs in both noiiles TUo buckle* In I Oent* on exit of Spin successfully achieved. 

-«H#en I and : and 3, each end fence i turbine exhaust 

■and 4 hat bards I 


Buckles remain 
unchanged 


Tk streak noted on no: lie Buckles remain 
full length celow etch unchanged 
-muter elesent ieves re- 
in unchanged. 


-ve oatteiTi ohar.ge. H oaa , 

.del 2 Wives -letween hat j^jckles same as 


jifccfititf esUe contiNuet 
•a chip eff 


Oar.ts rema 
unchanged 


Dents remain 
unchangeo 


0er:$ rama 
unchanged 


Fuel and oxidliar spin not achieved. 
[Test cut doe to late ignition detect 
) on coadiustor No. 12. 


Oxidixer and fuel spin achieved. 
Spin duration not sufficient to 
achieve combustor uxiditer manifold 


Successful Ignition and LOX dome 
prise test. 


mme as 008. :iro.:r. u 

aid* surface 

■>ted on 3- inch »,Jc I 

la.iie side of erg;ne 


srconium oxide continues No change 
« chip off as described 

«or test 009 

irconium oxide continues Buckles remain 

o chip off New .jinng sane. Support 
«lci vombustors 18, 19, and gussets heat 
0. Extensive .hipping So affected, 10 
ube erosinn noted on ex- total 

-osed tubes. Post test noz- 
l« teak check leaks or. 

" laitie side, 4 or road side 
old side of no-.le 

Z. irconium ox'd- rt;i- *9 Same as 012 
o chip off r . ! ; -nee 

m f tube erosion 


Turbine exhaust 
dents partial ly 

straifhtanad 

out 

Turbina exhaust 
dents 90 perccrit 
straightened out, 
base seal die pin 
inspectad; excel- 
lent condition 


)ilOV ramp rata 1.0- sacond cutoff 
initiatad 600 as after ECS. Sat- 
isfactory bootstrap transition. 


Successful mainstsge operstlon. 
Hminstage duration 5.1 saconds. 


Successful eainstage operation. 
Munstag* duration IS. I saconds. 

Successful mainstage operation. 
Hainstage duration 30.1 satonds. 


Fira in engine 'lompartment. Sat- 
isfactory M instage operation. 
P4amstage duration lOO.l seconds. 


Evidence of fire. Posttest nozzle 
leek check indicated sizeable leek 
»t midsection of flame-side nozzle, 
5 hat bends down, mainstage dure- 
1 lion 30.1 seconds. 


Test cut during ignition transient. 
Failure to detect ignitior. Igni- 
tion detection system malfunction. 


iest cut during spin transient. 
Spin sretem electrical probl«. 


iBtemml bate 
pressure probes 
fatted. Sevdm 
belt Mads pepped 
) r am bmee hmmt 
( shield 


Suceeseful "O. l-second* of meinstage 
test. 


Test sut durtM| l^lMen pMse i 
to letd UPluem dmtectien em 
zm^uster Nm. ll 


TABLE 9, 


BREADBOARD ENGINE NO. 1 
POSTTEST HARDWARE 
CONDITIONS 



fOLDOUT FFAME 




T-»t I 
No. 


AccuMulat«4 


624- 

OOS 


2-28-72 


Tim 
529. S 


Test Objectives 


Target 200 seconds aain- 
stage tost 


Test Conditions 


Thrust 

Chaiaber 

Average 

Pressure, 

psla 


Evaluate ignition charac- 
teristics using coetbustior 
wave ignition systei* 


5-8-71 


5-10-72 


5-U-72 


Sane as test 006 


Sane as 012; 

S seconds null 
74 seconds masiPiuiii 
Ignition detection circuit 
on combustors It, 17, 19, 
anC 19 blocked 


12-degree MOV; oxidiier 
inlet 51 psig fuel inlet 
56 psig; 1200 ms LOX lead 
exit burners inactive 


Same as test 006 


Determine if detonation can 
be prevented by using exit 
burners and SOO-as fuel 
lead. Base seal leaks 
repaired. 


Evaluate start transient 
through turbine spin 
enploying cord)ustion wave 
ignit ion 


Sane as test 009 


Sane as test 009. LOX in- 
let presure increased to 
provide higher ignition 
phase MR 


Evaluate auinstage opera- 
tion with combustor wava 
ignition (10 seconds! 
following rework of com- 
bustor wall erosions. 
Erosions occurred during 
test 624-OCS. 


12-degree MOV; oxiditer 
inlet 51 psig, 500-ms fuel 
lead test cut at sparks on 
signal . 


12 -degree MOV; oxidizer 
inlet 31 psig; fuel inlet 
56 psig; fuel lead 580 
ms, exit burners active. 
Test cut at mainstage 
control signal 


985 

116? 


Average 


Same as 009 except ox- 
idizer and fuel inlet 
pressure 56 pcia 
Sane as test 0C9 exempt 
fuel Inlet 51 psL, ox- 
idirtr inlet 56 psig 


Same as test Oil; 
5-seconds 7C0 P 5.5 MR 
S-seconds 900 P . 4.0 MR 


Same as 012, duration 50 
seconds erosion on com- 
bustor No. 12 smoothed 
down 


•Ml 


Same as test 012; 

5 seconds ''00 P . 5.5 M 
25 seconds 900 P., 4.0 


Same as 015; target 100- 
seconds duration. Small 
leak oxidizer inlet weld 
repaired. Erosion on 
combustor 12 smoothed down, 
Besc seal leaks repmlred 


Seme as 014; target SOO 
seconds. Nozzle teaka ra< 
paired. EnglM eo^partmant 
deflectors sealed with 
metal tape. Cambuator 
walls polished 

Same as OIS 


Same as teat 01*. Ca»- 
hwstor Mils falishad fra- 
teat. All aaldlsar ala- 
Mta lA all^Mt with 
nam OCV erMiaas paia8. 
Ttat facr.itp and fancaa 
laatallad 


t as ttst 012; 

5 seconds null, 700 P 
5.5 MR 

'6 seconds aaxlnum. 


900 P^, 4.0 


724 

899 


5.09 

5.97 


Ignition 

Fleamnts 


Saae as test 

003 


Injector 
Ele 


No di 3 cr#pa.".cies 


All combustors except No. 14 
ndicate ICN and OCN erosions. 
Magnitude of erosions range 
from surface roughness to 
>0.010- inch deep, 79 percent of 
erosions on ICN. Erosion more 
extensive on road side of 
eng.ne 


No discrepancies 


No discrepanc jes| 


No discrepancies 


No discrepancies Nc discrepancies 


No discrepancies 


3.5 

4.2 


675 

916 


a as test 012; 

S seconds .tuli, 700 P 
5.5 MR 

49$ seconds, naximum, 
900 P, 


I as OIS 


Fuel inlet temperature 
redllne coabustors . 


r 6 160 F 

7 90 F 

11 60 F 

13 70 F 


S seconds, null 
$ seconds, 219.6 i 


as 016; targat-SOO 
fuel ialat ta»> 


aaratare oa coabuatart 
2, 6, 17, Md II radliaed 


at 30 dafraat ahare Uat 
data tlUa ust 016: 

Caabwatar ’ 17* 9 

• 195 9 

17 lit 9 

II III 9 

mu IS 


mu 


194. S aaaaada 


917 


No discrepancies 


No discrepancies 


No discrepancies 


No discrepancies 


5.5 

4.2 


So discrepancies 


Combustor Wa 


voim 


No discrepancies 


No discrepancies 


[Minute surface roughness on all 
combustors, one minor erosion 
combustor 12-OCW erosion filed 
smooth. Thermal cracks in 
[bottom of deep erosions; 1 on 
[combustor J , 1 on combustor 5 , 

I on combustor 6, 5 on com- 
[bustor 7, 1 on combustor 11, 
bleed through cracks. 


No discrepancies No discrepancies 


No discrepancies 


No discrepancies 


No discrepancies 


No discrepancies 


|0ne minor ICW erosion coabustor 
12 . General minute surface 
roughness; no significant 
change froa test 012. Thermal 
racks in bottom of deep ero- 
ions: 2 on combustor 1, 1 

|on combustor 5, 2 on combustor 
3 on combustor 7, 2 on 
[combustor 11, I on coabustor 
13; bleed through cracks 


No significant change as a 


result of test. Minute | 

[eral surface roughness about 
the saae. No new eroslona or 
thenaal cracks. 


NO discrepancies 


No dlscrepencles 


4.4 

4.1 


Na discr«f«acies 


No change 


No new erosions on ICN. Very 
ainutc roughness on all coa- 
bustor walls very amor new 
erosions. 2 on combustor 1, 

I on combustor 5, I on CM- 
bustor 7, 6 on combustor 8. 

on combustor 12. 4 on com- 
bustor 17, I on combustor 18. 
Ail erosions very minor and 
extend through throet except 
OCW erosions on coabustor 7, 
,7. and IS, no erosion on 
[coabustor 6 


m dlierepMclee 


r caatour aallt la about 

candition •• prataat. 

Miamta atll araalan: OCT 

azafiaaa Mtad during 016 
tlightly daapar an eaabuttar 
g; 4 aaw OCT aratlaaa caab- 
u*tar t; 1 naw OCT aretlaa 
10 





Hardware Condi 


•¥0TJ)< 


.J All coobustors except No. 14 Zirj^iiP^xide continues to 
1 indicate ICW and OCW erosions. chfp off. No evidence of tube 
I Magnitude of erosions range erosion. NARloy flaae plated 

’ fron surface roughness to on nor tie below coebustors on 

' n\ 010-inch deep, 79 percent of road side of engine 
j erosions on ICb. Erosion eore 
! extensive on road side of 
j eng..ne 


Turbine Exhaust 

and Base Seal Cowsents 

One external base Test terainated at 7*5 seconds due 
pressure failed. to erratic coabustor No. S, and 
Tvo bolt heads sudden increase of teaperature in ! 
sheared off base engine compartaent near flaae side 
seal heat shield, of r.ortle. Indication of fire in 
Turbine exhaust engine compartaent . 
and sell i.< ex* 
cellent condition 


! Ignition not echieved on all com- 
jbustors. Fuel supply to precom- 
bustor not properly connected. 


cu«|**o discrepancies 


^c'.«s|So di sc repent tes 


No discrepancle<^ 


No discrepancies 


1 No discrepat cies Turbine aanifold 
moved up O.S 
inch; struts 
bent; base seel 
deformed; bese 
seal leaks 

No discrepancies No discrepancies 


Urge detonation below base. 


Successful test-all combustors 
ignited with exit igniters. No 
detonation. 


I Test cut prior to spin due to no 
igr.Uion detect, combustors 12. 
|14. 16. r, 18. 


Mo discrepancies 


j .. Test cut prior to spin; combustor 

I 18 Ignition 120 as after cut 

j signal. 

No discrepancies ( No discrepancies Successful ignition and spin test. 


ilMinuTe surface roughness on all No change in nrtzle wrinkles 

i.omhi.stnrs , one minor erosion 
jioThusior 12-OCW erosion filed 
kmooTh, Ihermai cracks in 
'Ttom )f deep erosions: 1 on 
■e.bjstor 1 , 1 on combustor S, 
i| I'r. cofflhvisror 6, 'on coa- 
Ibustor 1 on combustor 11; 

H, bleed through cracks. 


No chu.(. io ood NO Ji,cr.p».o.N Erosion, (2> on 

F«.c. b!cklo. throulh dorm, ^ 

noted. Hainstage duration lo.i 

seconds . 


ciesji>ne minor ICN erosion combustor No change in nozzle wrinkles 
I' 2. General minute surface 
Iroughness, no significant 
change from test 012. Thermal 
cracks in bottom of deep ero- 
sions 2 on combustor I, 1 
on combustor S. 2 on combustor 
6 , 5 on combustor 7, 2 on 
combustor 11, 1 on cofbbustor 
n. H., bleed through cracks 


No changa in end Base sesl leaks 
fence buckles six places be- 
tween combustor 
U and 20 seal* 
to-turbine etld 


Saall crack noted in oxidiier inlet 
combustor I*. Malnstage duration 
30.1 secends. 


significant change as a 
ult of test. Minute gen- 
I surface roughness about 
same No new erosions or 
rmal cracks. 


Nozzle tube leeks engine com- 
partaent side of flame nozzle 
aidsecticn three hat bands 
down. Numeroa.s hot -gas side 
leaks at this location. Leaks 
at interface between nozzle 
and fence: combustor 1 hat 

band 2 and 4. combustor 10 hat 
band 2 and 4, combustor 20 hat 
band 1 and 2; m m ierout leaks 
fuel aanifold to tube between 
combustor IS and 20 


No change in end tost seal 01; 


fence buckles 


tet lal base pres- 
sure probes OK 


hv nozzl# Nj l«*h»- 2-inch- 

Siaaater hSa burned through top of 
IS at ba'kup str'Ctur# due 

;.,k. E"‘« co«bu.tof 14 

cracked. 




•ncie*|So new erosions on ICN. Very 
iamute roughness on all com- 
bustor walls very amor new 
erosions 2 on combustor 1. 

1 I on combustor 5, 1 on eom- 
ibustor 6 on combustor I. 

{ 1 on combustor 12. 4 on com- 
bust -^r 17. I on combustor II. 
All erosions vory minor and 
aitend through throat except 
new erosions on combustor 7. 
r. and 11. no treston on 
combustor 6 


Owt. 1. turklM J^”""*'.^*^#***''*!’*"'** 

•w. rniM. f.il«l El'* ^ 

in tension duo to 
thermal expenzlo" 
of bese 


Inner eentouf eaUa ta about 
same cenditiom at pretaat. 
Minute well ereatem; OC* 
tresiena notad during Oil 
iltghtly daapmr an cemlmater 
I. 4 aim OCV eroalema camb- 
ujter 1; 1 nem OCV armatam 
cambmatar M 


Mrsttaat laak chark InOlcatad l 
2 taaha at hat band ) end S am 
mtdaaetian af KImn aida naiita» 
and tamka in amd famaa tubaa at 
intarfaca miih natila: cambmatai 
1 * 2, aaitouatar II -3; aam- 
bmatar 11 - 2; cambmatar 20 • 2; 
t tomarima ama' 1 lamit U natila 
matad balaa aaibmitar 10, 11. 

12, 1$, It. ;i, 10, md 10. 


toaa arlfUa oaM ^*^!!IJ^n*aiS !• a****^ 
ernak an mad ^ * 3 ??!!*Ialmtmra nt Itl M«-md. 
aida 2 placaa, !• ,^ii W t 

M 14 IwlM* IMf. M ** ’ 

» 14^4 FmW »• 
laaa aaal. l aaeanaa. 
tba I btta Mat* 
tom pwba a fillM^ 


! 

(Continued) 
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HtrdwftTt Good it ton 


No discr«p»nci«» 


Turbin* Exhnust 

«nd Ins* S**l 


No dl*cr*p*nci*s No Jt«cr*p*n<l*s 


T**t t*rwin*ted during ignition 
ph*s*. Conbustor U indicatod 
1st* ignition. 


TABLE 9. (Concluded) 


n«ss of OCW and 
erosions 


roughnass ■ No 


OCW roughness. 

•.ons 


No discrepsMcies 


Large leak at nid- section of 
flwe side noiile cold sid*. 
Noixle hot-gas side leaks be- 


No discrepaiicles No discrepancies 


Small leeks at 
fenc* notil* in- 
terface com- 


ION combustor exit. Combustors busvor 10-3, 


I, 2, 9. 10, 12, 13, 14, 18, 

19. and 20 

Small cracks noted in nozzle 
tubes 0.5 inch from transition 
piece below combustor 1?. 13, 
14, IS, I!', 19, and 20 


Nozzle leak mid-section cold- 
gas side of flane-side lozile. 
Shielding blown away. No 
change in nozzle tube ciacks 
on hot -gas side 


combustor 20-2 


Numerous seal 
cracks, P total, 
miter comer, 
crack combustor 
11 


Eiplosion ».n base 
turbine exhaust ; 
orifice plate pul- 
led away from end 
plate on A3 side. 
Numerous cracks in 
orifice plate and 
base seal . Seal de- 
formed base, pressuT 
probe No. 2 damaged 

Dents and tears in 
base orifice plate. 
Base seal had mai- 
erous leaks at 
miter comer on com 
bustor I and 10 


Test termination at mminstag* 
control signal * 0.250 second | 
due to re-establ ishment of gas 
generator igniter break links 
continuity. 

Test terminated at 280.5 seconds 
due to drop in flame bucket 
coolant pressure caused by 
burned through instrumentation 
lines. Lines burned by fire in 
engine compartment on flame 
side. 

Test termination at 2,5 second* 
due to fuel inlet redlin* pres- 
sure. Red I in* not set at proper 
level competible with 27-psig 
fuel inlet pressure. Explosion 
in base ere* due to fuel accumu- 
lation. No exit igniters. 


IsOO . I - second duration. Ran at 
full PU from 5"1 to 500 second* 
[to conserve fuel supply. 


V 0C« roughness; 
rease in erosion 
X is ting erosions. 


el El weld com- 
Combustor wall 
more sever* at 
mnd «. No new 


?4e discrepancies. One loztle 
pressure probe failed. Slight 
increase in magnitude <f noz- 
zle tube cracks below combustor 


TWO notzl# pressure probe* on 
hat band 2, and 12 on hat band 
10 failed; copper flmime sprayed 
on notil* cortnistor I, 

S, and 8. Nozzle tub# crack* 
bmlow combustor U, 18, 19, 
and 20 slightly Incremirnd 


Tub* splits 
noted in fenc* 
tubes sdjecent to 
nozzle at com- 
bustor 1, 10, 

20. Crock* in 
end fence 
fussmts 


All base pressure 
probe* except No. < 
felled. Turbin* 
exhaust plat* 
pulled away from 
structure on flam* 
side. 

Numerous smmll 
leeks. Mo creek* 


500.1-second duration. Co^us- 
tor No. 18 exceeded redline fuel 
injector tempereture ; et l?S 
secondsPU changed to null. No 
evidence of fire in engine 
compartment . 

Test terminated at 272 seconds 
by erroneous automatic fuel tur- 
bine inlet overtemperature. No 
evidence of engine compartment 
fire. At 225 seconds, combustor 
18 fuel injector temperature red- 
line exceeded switch to mini«* 


Test terminated during start 
transient; no spin; combustor* 
12, 14, 18, 17, 18, late igni- 
tion detect. 


ess ICN and OCN 


Lamk on cold-g** side of 
fleae-side nozzle at top hmt 
bands 3 and 5. Slight In- 
crease in tub* split* below 
combustors 12, 13, H. IS, 
IB, 19, »nd 20 


ions noted on No discrepancies 


End fence gusset Twrbin* exhaust 
cracked kas* orifice pUt* 

had extensive 
cracking midsectio. 


Tube splits in 
«nd fence* *t 
nozzle InterUc* 


No discrepancies 


Terminated prior to spin; com- 
bustor 18 late ignition detect. 

Terminated prior to spin; *p*rk 
system did not work 

Test terminated at 592. S seconds 
test stand duration; fire in 
gin* compertment flam* 
engine; combustor 18 exee^md 
redlin* switch to TO • 18® ^c- 
onds minima TO - ’80 second* 


Prograib. 

msinstag* 


test - IS. I second* 
. -etlon. 


e in surface 
new erosions 


No discrepancies 


dlscrepmneia* no disereponci** 


Test terminated at 2.8 j***^^* 
by erroneous automatic fuel in- 
let temperature redlin# 


eobbmator walla 
now arms lent noted 


Nwmerew* *re«k* U nozzle W- 
lew eobbrnatoT 1. J. 9, 10. 

IJ, IJ. u. n. I’. 

Mid 29. Crock* hmv* bec«a 
•ratretalvetr lerget alnct 

test 924-021 


clam Ne discrofamclea. 
T«iper*tur#-s«s- 
tlve paint Indi- 
cates tmfblna et- 
bMist or I flea 
plate • 900 R 


Teet tetmlnatad at 49.0 teeemds 

PiM to turbnpump posser decay. R-9049 

Uat teat on an|lne. 

Total mui^ of teat* - M 13g 

fatal malnatai* test# • 23 
Total ••inttage mectabUt^ 
dmtmtlem - 3114.1 aecemd* 


11 il 2a3’14:]g,jl6lll ^l§^^ 
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figure 64. Location of Segments 
Eroded Nozzle Tubes 


Which Exhibited 
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■n,e tubes in the center of each combustor (four to six tubes) were not eroded, 
rth te exception of combustor 12. Ihe highest concentration and greatest mag- 
nitude of erosion were associated with c^bustors 18. 19. and 20. A large per- 
centage of the tubes which were not eroded exhibited discoloration. Downstream 
of the erosion, the nozzle was in excellent condition. 

Following test 001, all eroded tubes were weld repaired and the nottles coated 
"I tlrLl. oxide O.OlS-lnch thlch from the weld of 

piece to a line 3 inches aft (Fig. 67). the coating was added to provtd p 
tection while safe start and cutoff transients were being develop«l. 

During the second Ignition test, an extended fuel cutoff and a lower 
Start transient was employed to eliminate nozzle erosion. No tu e erosi 

noted on subsequent tests. 

The nottle tubes immediately downstream of the zirconium oxide coating, and in 
Tignl^ t With the dark streah on combustor No. 2. exhibited slight overheating 
T^ Tmbustors on the flame side did not exhibit streahing. 

surface chipping was noted on the leading edge of zirconium oxide on - 

The degree of chipping was not considered significant. Following test 624-002. 

The lirconium oxile coating was extended to a point 18 inches below the transi- 

tion piece weld. 

During subsequent tests (624-003 through 624-013), chipping and flaking of the 
zirconium oxide was progressive. Figure 68 illustrates 

chipping, in numerous locations, the coating was completely chipped off expo 
the noizle tubes. No evidence of tub. wall erosion was noted, indicating the 
start and cutoff sequence modifications incorporated were successful in preven 

ing tube damage. 

Following test 624-012 (a 100-s.cond mainstag. test), a helium leah 
s al ..k. on the cold side of the nozzle, principally on the flam. side. pprox- 
30 percent of the leahs were in the region of the braze )oint between the 
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Oxide C 










two sections of the nottle. The remaining leaks were adjacent to the fences, 
where the cracks In the end tubes were circumferential. Numerous attempts to re- 
pair the leaks at the center brate Joint were not successful due to difficulty in 
determining the exact location of the leaks. 

A fire was noted in the engine compartment during six of the mainstage tests. 

They were attributed to hydrogen leakage on the cold-gas side of the flame side 

nozzle. 

The cracks are attributed in part to stresses imposed during assembly. The joints 
at the center and ends did not fit properly, requiring clamping and hand fitting. 
The joint clearances were excessive and stresses were induced in the joints by the 
straightening of the distortions from the furnace brazing. Further stresses are 
introduced by the thermal gradients during test, particularly at the water-cooled 
end fence attachment to the hydrogen-cooled nozzle where a large thermal gradient 

is present. 

Improvements In the straightening and fitting of the nottle sections at the center 
and end joints should eliminate the stresses and prevent the leakage encountered. 
Reinforcements are planned for test bed No. 2 on the end tubes at the hat band 

joint. 

Following test 624-017 (16 March 1972), numerous small leaks were noted on nozzle 
tubes below combustors 10. 11. 12. 13. 17. 18. 19. and 20. The small leaks, de- 
tected by pressurization of the nozzle tubes with helium, were located approxi- 
mately 0.25 inch below the copper transition piece. 

This is the same location where the tubes were weld repaired following the Initial 
Ignition test. No evidence of tube cracks could be seen. The zirconium oxide re- 
mained intact over the leakage areas. Is the test program progressed, the tube 
leakage became Increasingly widespread and more severe. Following test 624-021, 
visible cracks were noted In the zirconium oxide exposing the tube circumference 

and longitudinal cracks. 
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END FENCE DURABILITY 


Buckling of the end fence «ae first noted after test 624-004. Each fence «as 
buckled approklsately 20 Inches below the conbustor exits. Figure 69shows a 
typical fence illustrating the buckling. 

Following test 624-OOS, the fences were straightened and the gussets slotted to 
provide increased flexibility and. therefore. Increased ability to accossnodate 
thermal strain. The buckling reappeared and remained essentially unchanged during 
the subsequent tests with no operational or functional problems noted. 

The water-coded fences on test bed No. 1 do not represent a flnallted design of 
a hydrogen-cooled fence of the type that would be used on an operational engine. 
Since the fence in the buckled condition performs its function, no further work 
to preclude the buckling was performed. 

Following test 624-020 small cracks in the end fence tubes interfacing with the 
nozzle were noted on the fences below combustor 10 and 20. Tl.e cracks were weld 
repaired. Cracks were noted again following tests 624-024 and 624-029. The 
cracks are thought to be caused by thermal fatigue associated with the large 
temperature difference between the tube wall nozzle and the end fences. 

INJECTORS AND IGNITER ELEMENTS DURABILITY 

NO abnormalities were not«i with respect to the injector faces or Injection ele- 
ments. Following the initial malnstage test, the tips of igniter elements in 
combustors No. 2 and 8 exhibited slight tip erosion. The condition did not appear 
to Increase as a result of the subsequent malnstage tests, and does not appear to 

warrant corrective action. 
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nozzle assembly durability 


Test 624-004 was the first test during Rtpples in 

en extended chlU. fuel .Apples were noted in both 

the nottle were observe po combustor exits. 

notties. r/t;:: 4 dome prime test,, the rippies increased 

Following test 624-00 C significantly during the remainder of 

slightly. The condition i nature of the nozile ripples, 

the program. Figure 70 illustrates the nature 

w n..r to cold side induce stresses beyond 
The thermal gradients in ,,„sed the tube to bo. in the 

the yield point. The residual stresses or 

maimer observed. 

• 1 to 4rvr'-r#»at;ed area moment of iner- 

An increase in the tube cross section to the ripples, 

tia of the tube is believed necessary in u „n„e the thermal grad. 

The tubes did not bow dimpled on the bach side to in- 

:::s:\ran:ro;itr :.^Te is brazed in the dimple, thus providing a signi- 
ficant increase in the cold side resistance to bend g. 


turbise exhausts and base seal durability 


The turbine exhaust and "’^^^rurriir P‘«' 

Ts'nd^:::"^^ « > — "" 

present a problem relative to operation. 

. o.onlv test (test 624-007), an open-air explosion 

During an deformation of both the urbine exhaust cri- 

occurred beU- the '"S'" • P „naust orifice plate exhibited large 

fice plate and the base se ^ neerpressure causing 

dents with sharp rauii. The complete turbine exhaust upward 

numerous crachs. The explosion also “ J ^ ,, ^li„„n„es the 

approximately O.S inch, bending the support members. 

damage noted. 
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TimniNB EXHAUST HANirOLD 
SUPPORT RENT AFTER TEST 62U-007 



ClACKS AID TIAIS BEfILOPB) I» SHEET 

AVTEE TEST 007 BIQUIHIIIO REPAIR AFTER MOST 

tBTsT TEW 028 LAROl SECTIO* WAS 
BASE CL08BRE SHEET WELDED IM PLACE. 


after TEST 
62U-007 


n 


o 


\ 

o 


ORIOTNAT. 


BETWEQI 
COMBUSTOR 
11 AND 1< 


BASE SEAL CROSS SECTION 


Figure 71. Turbine Exhaust and Base Seal Damage Following 
Test 624-007 
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The base seal cracks were weld repaired. No effort was made to remove the turbine 
exhaust dents or to straighten the support members. As a result of subsequent 
tests, numerous cracks were noted in both the seal and the exhaust orifice plate. 
These were weld repaired. Another explosion occurred in the base area during test 
624-021, another experimental start sequence test. The magnitude and extent of 
the seal and turbine exhaust damage increased. As the test program progressed, 
cracking in the orifice plate and seal progressed. Following each test, the 
cracks were weld repaired. After test 624-029, the cracks in the turbine exhaust 
orifice plate were not repairable. Approximately 30 percent of the plate was re- 
placed. No further orifice plate problems were encountered during the remaining 

two mainstage tests. 


COMBUSTOR EROSION 

Test 624-005 was conducted on January 19 for a duration of 78 seconds at an average 
chamber pressure of 1170 psi at a 5.6 engine mixture ratio. During this test, sig- 
nificant erosions occurred on all but 1 of the 20 combustors. The erosions re 
quired approximately 2 weeks of hand smoothing (polishing) repairs. The experience 
of test 005 and its background is discussed to delineate the underlying causes and 
significance of the damage experienced. The effects on subsequent testing and their 

results are summarized. 

In an attempt to delineate the cause for the combustor erosions, the most enlight- 
ening description comes from observations of differences from the multisegment 
testing to the breadboard testing. Table 10 is a summary of the major differences 
believed to contribute to the onset of erosions, a discussion of which follows. 

The start transient of the test bed lasts 4 to 5 seconds and transits from a low 
mixture ratio during ignition to a high mixture ratio in mainstage. The fuel in- 
jection velocity of the test bed was about 20 percent higher than the multisegment 
due to higher injection temperatures and a lower mixture ratio. The heat flux and 
wall temperature of the multisegraent closely follow expected values. The heat flux 
and wall temperature parameters on the test bed increase with the number of tests 
and test duration if the wall surface finish is not maintained by a smoothing 
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TABLE 10. DIFFERENCES OBSERVED IN THE BREADBOARD ENGINE VERSUS COMPONENT TESTING 





operation. Cold-flow element mixing tests indicate the injector elements produce 
a high mixture ratio combustion zone next to the combustor walls during the thrust 
buildup from LOX dome prime to mainstage. Evidence from the movie coverage indi- 
cates some form of copper oxidation during the start transient. The NARloy material 
oxygen content was significantly higher than that of the multisegment hardware. 

The erosions on the test bed combustors were approximately 0.3 inch in width com- 
pared to the multisegment erosions which were approximately 0.100-inch wide. 

Data studied and evidence in the form of hardware condition and types of erosions 
would indicate the injector to be the primary cause of the combustor erosions. The 
most probable mechanism is chemical reduction of the combustor interior surface 
material by the hydrogen-rich environment during ignition followed by oxidation 
during the LOX dome prime and transition to mainstage. 


The oxidation is caused by the injector element mixing characteristics described 
above. The surface produced by this type of reaction would be porous, the surface 
roughness gradually increasing depending on the amount of reaction that has taken 
place. This surface layer would exhibit a low thermal conductivity, thus tending 
to increase the wall surface temperatures. This surface roughness condition, once 
produced, would tend to be aggravated by the mainstage operating conditions. Local 
hot spots would appear and deterioration would be progressive with time. The single 
element mixing test indicate that significantly higher mixture ratios would be pre- 
sent near the combustor walls at the mainstage steady-state injection conditions of 
the engine compared to the multisegment operating conditions at chamber pressures 
near 900 psia. This condition would further aggravate the progressive roughening 
of the combustor wall in mainstage. 

The combustor material oxygen content could contribute to accelerating the oxida- 
tion reduction of the combustor walls by providing a source of oxygen within the 

material. 
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Description and Characteristics of Combu-^tor Erosions 


Approximately 80 percent of all major erosions were on the inner contour walls. 

All erosions noted on the outer contour were minor, in many instances surface 
roughness only. A photograph of the combustor exhibiting the most excessive ero- 

sion is shown in Fig. 72. 

Repairs performed on the combustor erosions consisted of removal of roughness with 
flat files and emery cloth. Figure 73 indicates the cross section of a typical 
erosion before and after repair. The raised section on each side of the erosions 
was removed and the roughness in the bottom of each erosion was smoothed out. 

Care was taken to remove as little material as possible. The effort to remove 
the roughness in the bottom of the deep erosions in combustor No. 13 resulted in 
exposure of the internal flow channels in two places. 

A test by test description of the erosions observed and repairs performed are 
summarized in Table A. Tables 12 and 13 summarize the general nature, number, 
and magnitude of erosions present posttest 005 and 031 following the completion 

of testing. 

A significant difference exists in the erosion characteristics observed in the 
breadboard combustors as compared to those observed on component and multisegment 
testing. Figure 74 shows the general nature of the breadboard combustor erosions 
progressing from a typical surface roughness in line with the injector element to 
a minor erosion starting approximately 2-1/2 inches upstream of the throat but not 
extending through the throat plane. A large erosion will extend through the throat 
for a distance of approximately 1/2 inch. The erosion will be approximately 0.3 
inch in width which encompasses 3 to 4 combustor coolant channels. 

Figure 75displays schematically a comparison of a typical breadboard erosion with 
a typical erosion observed in the multisegment. Erosions in the breadboard and 
mltisegment were in alignment with injector elements. The multisegment erosion 
w’s approximately 0.100 inch in width, implying an association with the coolant 
channels with a spacing of 0.100 inch. 
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Figure 72. Combustor Erosion 
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Surface 
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Cross Section Typical Erosion Prior to Rework 



Figure 73. Combustion Erosion Rework 
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TABLE 11. BREADBOARD ENGINE NO. 1 MAINSTAGE TEST COMBUSTOR EROSION SUMMARY 
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All other units peened to 0 . 109 -inch diameter. 


breadboard test bed no. 1 EROSION SUMMARY POSTTEST 624-031 
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Figure 7S. Comparison of Combustor Erosion Characteristics 



Measured Combustor Heat Load and Analysis 


The integrated heat input of the combustors was established using the measured com 
bustor fuel inlet and fuel injector manifold temperatures, the measured fuel flow- 
rates and injector manifold pressures. 


The parameter used to compare results is: 


(Q/^^) (D) 


where 

Q * combustion zone heat load, Btu/sec (Qj x 0.74) 

3 total propellant flow, lb/ sec 
D » throat gap, inches 

■ chamber pressure, psia 

Displaying the results in this fashion permits comparison of a common basis of 
tests at varying conditions of P^., mixture ratio, etc. The engine mainstage test- 
ing began (test 009) with a normalized heat load of approximately 266. This is 
nearly the same level as exhibited by the multisegment of 256 to 271, and approxi- 
mately 6.5 percent greater than the design base prediction. Figure 76 displays 
the results of the breadboard testing in compari' n to the multi segment (C06) 
fired as a single segment and the design base (the tapoff segment). Combustor 
C06 (now linear combustion No. 4 on the breadboard hardware) realized the highest 
normalized integrated heat load of the linear combustors tested to date. Results 
from tests up to and including test 005 are indicated by darkened circuits. 

The heat load increased approximately 22.5 percent during the testing until the 
chamber erosions occurred during test 005. The first increase of significance in 
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Figure 76. Linear Breadboard No. 1 Combustor Heat Flux Parameter 


th. heat flu* parameter occurred during test U. with the parmseter Increasing 
approalmately 275 to 300. H.ls test produced the first evidence of “ 

the combustors. Subsequent tests 013 and 003 were performed at low chambe p 

sures. Ihe heat flux parameter did not rise during these tests. During test 005, 

- *7 Followinc 005^ th6r6 was a 

the heat load increased approximately percent. g 

total of 189 erosions of various degrees of severity on the combustor walls, 
polishing and smoothing the combustors resulted In the normallxed heat loads re- 
turning on test 012 to nearly the same level obtained on the first mainstage test 
or, in 1971. Figure 77 displays the heat flu* parameter, the ch^ber press« 
L the number of erosions for each mainstage test. The effects of the smithing 
operation performed between each mainstage test and after test 005 are evx en in 
the figure. For example, the heat load parameter was reduced from approxiM e y 
280 to 265 due to the smoothing operation between test 020 and test 022. 
tests exhibited a rise In the heat flux parameter during a mainstage test, 
smoothing operation prevented any significant amount of erosions through the re- 
malnder of the program. There Is a relationship between the 
and the chamber pressure In producing the onset of erosions. During test 028 
for example, the heat flux parameter rose to values Identical with t 
test 005 but erosions did not occur. Test 028 was performed with * 
sore approximately 900 psi. while test 005 performed at 

Tost 029, which produced erosion In the combustor was performed at 12 P . 
ever, the heat flux parameter was at nearly normal levels. 


Wall Temperature Analysis 

A convenient comparison of the test severity experienced during 

NO. I breadboard engine can be made by calculating an estimated wall temperatire 

with the following equation. 

- 950 ♦ 137.5 (4.0-Wj^ ) ♦ 1350 




4.28 P, 


TT 


- 1 


♦ 1000 (t^ - 0.035) ♦ 0.38 - 320) 


R-9049 

166 





Paraiaeter vs Test Number 



where : 

* wall temperature parameter 
W « combustor fuel flowrate, lb/ sec 

/^T * combustor fuel temperature rise, R 

P = injector end chamber pressure, psia 

t . combustor wall thickness at the throat, inches 
w 

T » combustor fuel inlet temperature, R 
in 

affect of the various quantities on 

r ~ --- -r .. ':rrs 

LT:::rrr;:.n:rr™ .».» - 

this comparison to be valid. 

Enclne Tests The wall teeperature paraaeter eas coaputed for each test 

hreadhoard No. 1, froa test 00, to test OtT. The n»erlca avera.e 

of the wall t«.peratuTe paraseter fro. all coahustors is ; 

rr ;:rrjrn;e ::io tests^i. o., and oo,,. 

progressive change in the heat 010. OIS, a- 003, 

-rr:. rdrcrra-r T^rslgnlflcanf trend Is t^ 

lafluence attributable to either the effects during start or transition 
Stage operation. 

u. w~«.. .. .... -W. W .. ~ 

™. 1™ - V ™ 1..™ 

mixture ratio conditions of the test (Pig. )• 
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CHAMBER PRESSURE (PSIA) 


Figure 78. Theoretical Wall Teaperature 
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uto a «o.di..naio„al h.at 

the linear approjclnation gat-slde wall temperaturea were in reason- 

Flg. 79 suggests that the „„,U„s h«l taken place (test 

able agre«.ent except where major combustor 

005). 

The wall t«.?.rature parameter is «aso«able agreement 

are displaced in Pig- »<> • « can be a.a,„ature was obtained 

between theoretical wall tmmperature and „„S a 

with initial testing of the ' 't,tween theoretical and experimental 

disparity of approximately 100 to 200 d.gre 

, .. This would indicate that the posttest u 
Tre^He combustor wall surface to the original condition. 

...w results for the multisegment assem- 
""V'rr crat-7o the desun theoretical 

bly tests are presented in Fig. „„.,U,s oannot be detected 

wall temperature for each • temperature parameter appears to 

from the temperature history plo ' ^a ,alue. The wall temperature 

follow the predicted theoretica ”* because the hydrogen inlet tern- 

rises through several of the „„.„i„g the hydrogen mas. flow- 

the design predictions for the fir« «i ,„dictions as test time 

perature gradually deviates from md the end of test OOS. where 

was accu^lated. The computed ^ ^he design prediction (1170 F) by 

severe erosions were present posttest, 
approximately 200 F. 

, n te.pe-.ture fro. the multisegment «.d component tests follows 
The computed wall ternpemature 

the design predictions reasonably well. 
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Theoretical Design 



Breadboard Engine No. 




Temperature History Three Segment Testing 


u . An analysis was performed to determine the variation 

“.r: =r. r ' 

tant rise in wall temperaT^urB - 4 e.« rth««rvations produced an 

.. r,r ... ».« 

rairreir«ra“«"“illr«7e of approximately 300 degrees was Indicated with 
the surface finish Increase from 60 to 300 mlcrolnches. 

of Data An attempt to define significant influences on the incidence 
several parameters were chosen and plotted versus the sever- 
uy of erosion and number of erosions that occurred in each combustor. 

thickness, and ,,, ,,,eption of a slight indication 

correlations were resistance is high. A co^- 

that the erosion n.ay be less ^ tendency for 

bination of chamber pressure and mixture ra 

damage when both are high. 
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SURTACI ROOOmiSS ( JIA iRcns) 




Figure 82. Conbustor Surface Roughness Analysis 







h 

r 





5 ^ , 


I 


COMPONENT DEVELOPMENT PROGRAM 


IGNITION SYSTEMS 

A comprehensive component test program was conducted to verify the operational 
feasibility of the fluorine and combustion wave ignition systems at simulated en- 
gine start conditions. As a result of the component testing, the fluorine igni- 
tion sequence for test bed No. 1 was changed from a fuel lead to an oxidizer 
lead, a reliable ignition-detection method for multicombustor thrust chambers was 
developed, the main propellant flammability limits were defined, and a new igni- 
tion concept, the combustion wave system, was successfully demonstrated. A sum- 
mary of the component development program for each ignition system used on test 
bed No. 1 is presented. 
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Fluorine Ignition System 

Gaseous fluorine ignition had been used extensively during segment component test- 
ing on pressure-fed test facilities. However, main propellant ignition using a 
fluorine-hydrogen element at engine tank-head conditions had not been demonstrated. 
The initial evaluations of tank-head fluorine ignition were conducted on a multi- 
segment assembly (Fig. 83), comprised of three combustors with a 20-inch-long 
tubular expansion nozzle. The combustor injectors were identical to the test bed 
No. 1 configuration, i.e., 67 coaxial injection elements and 1 triaxial igniter 
element. The igniter element geometry is shown in Fig. 84. .Tie proposed engine 
start sequence, a gaseous fuel-lead, was simulated during the initial tests and 
the ignition characteristics were evaluated. The simulated engine sequence is 
compared with the component sequence (successfully used for hundreds of component 
tests) in Fig. 85. Thirty- two tests were conducted to evaluate the proposed igni- 
tion sequence for test bed No. 1. Propellant flowrates and injection pressures 
were controlled to duplicate the engine start model results which predicted nomi- 
nal propellant flows per segment of: 

Hydrogen Oxygen 

0.11 Ib/sec 0.154 lb/ sec 


Fluorine 
0.0175 Ib/sec 


I 

i 





-i 
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Test Stand Cell 18A, CTL-3 Santa Susana Field Laboratory (Front View) 
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Propellants were supplied at ambient temperature, as predicted by the start model, . 

and the injector mixture ratio was varied to explore the flammability limits of | 

the main propellants with the linear injector configuration. j 

The results of the fuel-lead test series were as follows: 

1. Main propellant ignition can be achieved with a tank-head fuel-lead start 
if the injector mixture ratio exceeds the oxygen-hydrogen flammability 
limit. The lower mixture ratio limit for ignition with this injector con- 
figuration proved to be 1.25 for ambient temperature (70 F) propellants. 

2. A reliable method of ignition detection was developed. The injection tem- 
perature thermocouples were used in conjunction with a slope detection 
integrator. An injection temperature rise-rate of 25 degrees/sec was 
determined to be a positive indication of main propellant ignition. De- 
tection times with the fuel lead were found to be unacceptably long. 

3. Cross-ignition of unignited combustors from adjacent ignited combustors 
was not demonstrated on any test with the fuel lead. Cross-ignition 
capability was a firm requirement for test bed No. 1. 

A comparison of the multisegment ignition limits with established laboratory igni- 
tion results is presented in Fig. 86. The difference between the segment limit 
and the laboratory limit for well-mixed, static gas is attributed to incomplete 
mixing in the outer zones of the segment injector elements. Five additional tests ^ 

were conducted to evaluate the effect of a gaseous oxidizer- lead start in improv- | 

ing the initial heat transfer rate to the ignition-detect thermocouples, in pro- | 

viding a more energetic ignition transient, in eliminating the open air detonations | 

sometimes associated with the fuel-lead start, and in establishing a cross-ignition | 

capability for unignited segments. The oxidizer-lead ignition sequence was success- 
ful in accomplishing all the desired ignition goals and was selected as the fluorine 
ignition sequence for test bed No. 1. The oxidizer lead resulted in instant main j 

propellant ignition when fuel reached the main injector, and the ignition-detection | 

thermocouples responded rapidly at an increased rate. Cross- ignition was accom- 
plished at mixture ratios exceeding 1.25, and no open-air detonations were exper- 
ienced. No hardware damage or overheating resulted from the sequence. 
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INJECTOR OXYGEN/HYOROGEN MIXTURE RATIO 



Combustion Wave Ignition System 


During the period of July to December 1971 a significant amount of research and 
component development was conducted on the combustion wave ignition system. Enough 
successful results were obtained to commit this advanced ignition system for use on 
test bed No. 1. A single spark, generated from an integrated spark plug/exciter, 
initiates a single combustion wave which branches to the desired number of combus- 
tors (20 for test bed No. 1 and 10 for test bed No. 2l The wave ignites a H^/O, 
pilot which, in turn, ignites the main combustors. Figure 87 schematically por- 
trays this ignition sequence. No pilot failures were encountered when initial 

conditions are proper. 


Component testing was conducted to develop an ignition system capable of being 
interchangeable with the fluorine system on test bed No. 1. The component work 
conducted during this period was performed in three phases: 


Phase I. 


Phase II. 


Phase III. 


Kffort conducted at the Rocketdyne Propulsion Research Area on 
single elements, 10 elements, and 20 elements. 

Effort conducted at the Rocketdyne CTL test area on the multi- 
segment (three-segment) test hardware. 

Effort conducted at the LAD Thermodynamics Area on 20 pilot 
elements . 


Phase 1 Obiectives . The following obj-ctives were established; 

1. Evaluate the capability of the "triaxlal" element to ignite under 
Standard sea level backpressure conditions. 

2. Evaluate the capability of propagating a combustion wave through a 
0 . 050 -inch-diameter tube, a 0 . 040 - inch-diameter tube, and a 0.026- 
inch-diameter tube, and, in turn, igniting a pilot fed with GO^ in 
an inner annulus and GH^ in an outer annulus under simulated tank- 
head start conditions. 

3. Determine the effects of induction lengths of 3 to 9 feet. 
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Figure 87. Combustion Wave Ignition Sequence 




-aps- 


Evaluate the capability of igniting three igniter pilots by 
initiating a single combustion wave and branching through three 
0.040- inch-diameter tubes. 

Evaluate the capability of igniting 10 igniter pilots by initiating 
a single combustion wave and branching through 10 0 . 040 - inch-diameter 

tubes . 

Evaluate the capability of igniting 20 igniter pilots by initiating 
a single combustion wave and branching through 20 0 . 040 -inch-diameter 

tubes. 

Evaluate the capability of the "triaxial" element to operate with 
durability under mainstage conditions. 

Provide sufficient test data on the 0.040-inch igniter element to 
map about the operating point of the test bed No. 1 configuration 
to commit the igniter element for Phase II effort. 


Phase II Objectives . On the multisegment assembly: 

1. Demonstrate the capability of generating a combustion wave under 
tank-head start conditions. 

2. Demonstrate the capability of igniting three combustors simultaneously 
from a single confcustion wave source when the combustors are flowing 
propellants from a simulated tank -head start. 

3. Provide a partial map of the acceptable range of operation for com- 
bustion wave ignition under simulated tank-head starts. 

Phase 111 Objectives . On 20 elements in a laboratory environment: 

1. Evaluate the effects of backpressure on pilot ignition. 

2. Evaluate the effects on generation of a combustion wave by inclu- 

sion of a check valve into the wave flow line. 

3. Evaluate a newly designed mixer for use on test bed No. 1. 

4. Determine the minimum delivered energy from a spark source re- 

quired to generate a combustion wave. 
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5. Evaluate an integrated sparking unit designed for use on test bed 


) ' 


No. 1. 

6. Evaluate the capability of a dual or multiple priming and sparking 
system. 

7. Provide a mapping of inlet pressures required for use by the com- 
bustion wave ignition system mixer. 

Phase I Testing. All three test phases performed -ere conducted on elements de-^ 
signed for use uith manifold fed pilots. Four igniter configurations were teste 
in this phase of the test program. Igniter elements (Fig.«8 ) that were use in 

all tests have a configuration capable of inclusion into the fluorine systw pre- 
sently used in test bed No. 1. Figure 89 depicts the interchangeable combustion 
wave/fluorine ignition system. Hardware was utilized in this senes 
duplicating the element spacing, manifold arrangement, and supply from mixe, . 

All igniter elements considered are of the ••trlaxial" configuration. The inner 
annulus requires oxlcizer flow and the outer annulus requires fuel flow^ e 
igniter element, which is compatible with the fluorine system, has ” flow 

supplied from the main injector's fuel and oxidizer manifolds (Fig. 90) To 
provide simulated flow conditions, an igniter housing assembly (Fig. 88) was 

for all tests. 

TO evaluate the "trlaxial" element configuration during mainstage tests, a com- 
bastion chamber was used in conjunction with tl.e igniter housing and igniter 
element (Fig. 88 ) . A separate ignition source was provided to allow for element 

flow as obtained in mainstage tests. 

Figure 91 shows the test setup for 20-element tests, -me, mocouples are mounted 
at the element exit for ignition detection, manifolds are used to provide pilot 
annular flow, and a J-2 spark plug and exciter is used to initiate the combus- 
tion wave in a high efficiency mixing unit. 
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88. Hieh-Pressure Test Fixture 
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Figure 9 \. Combustion Have Ignition System Test Setup 
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Phase II Testing . Three of the 20 elements tested in Phase I were used in the 
multisegment hardware. The 20-element development mixing unit and J-2 spark plug 
exciter used in Phase I was also used in this phase. No hardware differences 
existed between this phase and Phase I except for a coiled hard line providing 
approximately 7 feet of induction length. 

Phase III Testing. The 20 elements and holders mounted on unistruts used in Phase 
I were installed into a vacuum can at the NAR Los Angeles Division Thermodynamics 
Laboratory for some additional component tests. The development and a newly fab- 
ricated mixer fashioned after the development mixer provided the H 2 -O 2 flammable 
mixture. A newly fabricated spark igniter unit was fabricated for test use. This 
component was prepared by combining a J-2 type spark plug with an inductive dis- 
charge exciter unit. The J-2 spark plug has an 0.050-inch doped, recessed, single 
gap. The durability of this recessed gap plug is improved over a surface gap due 
to less exposure to hot combustion gas products. The J-2 plug provides proved 
high-pressure internal seals (required for engine level testing) which augmented 
the selection of this plug for use in this application. The spark igniter elec- 
trical circuit chosen for use on this unit operates on the principle of storing 
and transferring electrical energy to the spark plug gap by simple transformer ac- 
tion (inductive discharge circuit). 

Direct current input is changed to square wave pulses to finite duration by an 
oscillator to control a solid-state switch. During the switch 'W period, cur- 
rent flows in the primary winding of the energy storage transformer, the result- 
ant magnetic field storing energy in the transformer's core. When the switch 
is turned off by oscillator output pulse decay, the transformer winding voltages 
reverse and increase until sufficient amplitude occurs on the secondary winding 
to cause spark gap breakdown. The reflected voltage on the primary is limited by 
a protective diode from exceeding switch breakdown limits. The energy stored in 
the transformer is then transferred to the spark gap until all energy^is dissi- 
pated (a portion of it in the transformer, due to residual flux and I R winding 
losses). The cycle repeats at 200 pulses/second. 
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TT,. smaller and slower changing current of the inductive system circuit (com- 
pared to a capacitive discharge system) enables lower power consumption and 
reduces radiated and conducted RFI. Fewer series circuit elements of this 
system minlmlte losses, thus providing a higher efficiency which further permits 
low input power. It was anticipated that spark discharges of 100- to lOOO-.icro- 
second duration would he more likely to ignite the H,-0, mixture at « 

live temperature and pressure conditions with lower energy content than the 
shorter soark discharges (10 to 50 microseconds) utiliied in a capacitive 
^Lharge system. (Tests performed in Phase „i confirm the 
pressure, ambient propellant ignition with this circuit design.) 
energy of this circuit has been determined to be 12 mllll)oules. 

Figure 92 depicts this unit. The physical dimensions are ~1.S pounds, -2.1 
inches in diameter, and 7.5 inches long. 

Phase I Results. A total of 142 tests was conducted in this phase to obtain 
ipialitative data. It was necessary to determine ignition or no ignition for 
Llous potential configurations for use in test bed No. 1. As a result, no 
serious attempt was made to provide precis, pressure data in this phase. How- 
ever Fig. 93 oresents the flammable-acceptable region of mixer mixture ratios 
based on sonic flow neasur».«its . Mixer mixture ratios of 2. IS md 
nite successfully without exception. Mixer mixture ratios of 1.6 to 2.14 had - 
suits of ig .Hion, partial ignition, and no ignition. Mixer mixture ratios less 

than 1.6 w ’ not establish a combustion wave. 

Propagation of a combustion way. was successfully demonstrated through flow 
passages as small as 0.026 inches. Three tests were conducted on this site 
element with ignition of a pilot occurring on the two attempted ignitions^ ^e 
third test indicated wav. generation, but no pilot flow was used. No dif se- 
ries were noted in these three tests. However, many difficulties were encountered 
in fabricating an eccentric 0.026-inch element and no operational differences were 
noted between this configuration and a 0.040-inch element tested under similar 
conditions as the 0.026-lnch element. As a result, nominal 0.040-inch elements, 
which also demonstrated successful wave generation in many additional tests were 
selected for use. 
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Three elements with a 0.040-inch center core were tested at various operating 
points to ensure successful operation in Phase II testing. Sufficient data 
were obtainfed to provide assurance of successful pilot ignitions in multisegment 
testing under tank-head start pressure conditions. No attempts at simulating 
chilled propellants were made. 

The proposed line configuration of the ignition system for test bed No. 1 is shown 
in Fig 89 . induction lengths of approximately 4 to 9 feet are presently on the 
engine as used in the fluorine ignition system. Tests were conducted to evaluate 
the effects of induction length fro. 5 to 9 feet. All lengths were determined to 
be compatible with this combustion wave ignition system. 

Three high-pressure tests were conducted to evaluate the durability of the tri- 
axial element configuration. Element cooling is provided by pronellant flow 
through the three flow passages. The heat flux at the element tip is a function 
of the combustor pressure and these tests were performed to simulate this eat 
flux for a duration of approximately 1 second. Fluorine was injected to provide 
an ignition source, and propellants were flowed at simulated mainstage conditions 
No deterioration was noted in the combustion wave element. 

Simultaneous ignition of 10 elements (as programmed for test bed No. 2) was 
demonstrated. Ten elements were mounted on a unistrut as shown in Fig. 94 • 
spark plug discharging at ~200 sparks/second provided the source for establish- 
ment of a flame. All tests indicated wave initiation on the first spark. 

Figure 95 provides the qualitative test results of this test series. The first 
frame (right or top) shows no evidence of flame. The second or middle frame 
(5 milliseconds after the first frame) shows flame on all 10 pilots. In addi- 
tion. the overboard dump, which was utilized to simulate the 10 additional 
elements which were not used on this series of tests, shows burning of the 
exhaust gases. The third frame (an additional 5 milliseconds after the second 
frame) shows pilot operation on all 10 elements, whereas the flame on the over- 
board dump has extinguished. This sequence of photos indicates that, in addi- 
tion to achieving simultaneous pilot ignitions from a single combustion wave. 
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a pilot is not needed when a preprimed combustor is to be fed a combustion wave. 
This sequence was employed in test bed No. 1. 


Simultaneous ignition of 20 elements (as programmed for test bed No. 1) was demon- 
strated. Two unistruts, 10 elements each, were mounted in a test facility as 
shown in Fig. 91. Sparking was identical to all previous tests. Figure 95 
provides the qualitative test results that all 20 elements ignite simultaneously 
from generation of a single combustion wave. The photo sequencing is the same as 
described for the 10-element tests and the results are identical. 

Jesting conducted in preliminary tests at the NAR Los Angeles Division on the 
combustion wave igniter indicated that a backpressure of approximately 4 psia is 
required at the pilot for ignition. However, testing conducted to arrive at this 
conclusion provided the necessary backpressure with a pilot combustor. The effects 
of the backpressure device on the pilot ignition could not be evaluated and it was 
! unclear what results might occur at ambient backpressures on the pilot without back- 

• pressure devices. Tests in this phase confirmed the result that ambient backpressure 

i is sufficient for pilot ignition when flammability levels are correct. 

I Phase II Results . Thirteen tests were conducted at the Rocketdyne CTL-3 test 

facility to map acceptable inlet pressures (under tank-head start) for combus- 
tion wave ignition followed by combustor propagation. GH^ and GO 2 were supplied 
to the test hardware by dropping liquid propellants to the facility main valves. 
Figure 90 depicts the combustion wave ignition system integrated into test bed 
No. 1. Integration of the combustion wave ignition system into the multisegment 
test hardware was identical to this configuration. It can be noted that the 
sparking does not occur until a minimum of 0.8 second after opening of the main 
oxidizer valve. The fuel main valve had opened 1 full second prior to this event. 
This timing ensured adequate pilot and combustor priming time. 






Table 14 presents zhe test results pertinent to the multisegment combustion wave 
test series. These tests (084-095) were conducted for ignition characterization 
only. The results are similar to data received from prior multisegment ignition 
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tests. Combustor mixture ratios greater than 1.1 ignited in all cases where the 
-ji, bust ion wave had sufficient energy for pilot ignition. Mixer data indicated 
generation of a combustion wave in all tests. Test 094 did not ignite at a 
combustor mixture ratio of 1.3. The strength of the combustion wave was in- 
sufficient to light the main combustors (low MR in the mixer). Testing conducted 
in Phase III determined the existence of a narrow band on mixture ratio in the 
premix where a combustion wave is generated but is insufficient to ignite a 
H -0, pilot. This condition might have also existed in test number 095 (the 
cLculated mixture ratios in the mixer for both tests 094 and 095 are near to 
the questionable region determined in Phase III); the mixture ratio of the com- 
bustors also was low and either condition might have caused ignition failure. 

The capability of the combustion wave igniter to ignite three segments simulta- 
neously was adequately demonstrated. Ignition delays of greater than 1 milli- 
second were not detected as typically shown on the oscillograph trace from test 
085 (Fig. 96). 

Phase III Results . A total of 126 tests was performed at the NAR/LAD thermodyna- 
mics laboratory on the 20 combustion wave igniter elements used in Phase I. Of 
these tests, 87 successfully ignited all intended elements, 31 were conducted out 
side the ignition limits, and 8 were performed to demonstrate the combustion wave 

without pilot operation. 

The mixer utilized in all previous tests was tested at varying inlets; when 
nominal inlet conditions were encountered, Pq. = 44 psia, Pf • = 50 psia, the 

conditions were such that no ignition was obtained. Figure 97 presents the 

map of this mixer. A new post was fabricated to extend the safe ignition zone. 
This modification resulted in satisfactory ignition at nominal inlet conditions 
(Fig. 985. 

Mixture ratios in the mixer of 1.6 to 1.9 had unpredictable results; combustion 
wave generation was successful but pilot ignition was not attained. However, 
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mixture ratios in the mixer of greater than 1.9 always ignited all element pilots 
regardless of pilot operating conditions. Mixture ratios less than 1.6 would not 
be sufficient for wave generation in all cases. 

Ignition was found to occur on the first spark generated by the integrated spark 
unit. A 10 -to-ll-millisecond delay exists between the application of 28 vdc to 
the spark igniter and the first spark generation. This delay was measurable on 
the data trace of a monitor circuit provided in the exciter circuit. This moni- 
tor circuit is closed when current flows across the spark plug. 

Backpressure tests were conducted to determine the minimum atmospheric condition 
for pilot ignition. Earlier combustion wave igniter work indicated some positive 
pressure was required. Tests in this phase determined that an absolute level of 
1.6 psia and greater is sufficient for pilot ignitions of configurations such as 
those employed in this series. 

The combustion wave ignition system concluded sufficient component testing to be 
considered usable on test bed No. 1. An operating regime map of acceptable in- 
let pressures to the mixing unit is presented in Fig. 98 and provides all accep- 
table safe operating points for engine use. Multisegraent tests provided data 
that main combustor and/or pilot operation of mixture ratios of -1.25 or greater 
provide an ignitable mixture when ignited from either fluorine or combustion wave 

igniters. 

SINGLE- SEGMENT COl TESTING 

The COl assembly was tested at CTL-3, Cell 18. The COl combustor assembly was 
designed to duplicate the breadboard test bed configuration in all respects in- 
cluding the full-length tubular nozzle. In addition, the hot-gas fences employed 
at each end of the assembly nozzles were installed as part of the COl assembly. 
The installation of the segment in CTL-3 was arranged so that the total thrust 
vector would be oriented horizontally at 1200-psi chamber pressure. The axial 
centerline of the combustor was canted about 43 degrees below the horizontal. 
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ft# th® initial units in the manufacturing cycle. It 
cast ccmbustor COl was one of ^ 

»as suspected pretest tn . . seheduled for component engine firing 

ginal structural integrity. ^ pressure series 
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rnti:\r::r:r:::-c:bir^^^^ -ured dur^g start of .0 second 

test and no further proof testing .as conduct«l. 

Test 975-097 .as the first test on the COl 

.hich stabilited at at various manifolds in the 

15 indicates the magnl assembly also contained several thermocouples 

COl assembly. The nozzle o . u ooerating characteristics during 

and pressure measurements for mapping t e noz functioned properly, 

mainstage. All of these special measurements pp 

• .♦oo* test with the COl assembly. Target 
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in a failed condition. P injection manifold through the 

by the reverse flo. of , approximately 20 hydrogen jets .as suffi- 
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TABUS 15 

STABILIZED TEST CONDITIONS 


Parameter 

Slice Time 
Time from 90jS ?q 

PciE> 

MR 

Nozzle Inlet P, psia 
Nozzle Inlet T, *F 

OCW Inlet P, psia 
OCW Inlet T, *F 

Fuel Injection P, psia 
ICW Outlet T, *F 
OCW Outlet T, *F 

LOX Orifice D/S P, psia 

Fuel Inlet flowrate, Ibm/sec 
Fuel Injection Flowrate, Ibm/sec 


LOX Inlet flowrate, Ibm/sec 
Fuel Tank P, psig 
LOX Tank P, psia 

Target Conditions 
psia 
MR 

Fuel Tank P, psig 
LOX Tank P, psig 
Fuel Ventxiri Dia., in 
LOX Venturi Dia., in 

Fuel Injection ^P, psi 
Fuel Cup AP, psi 
LOX Injection AP, psi 
LOX Cup AP, psi 


Test 097 

22.001-23.031 

9 

932 

U.06 

177U 

-36U 

1639 

(N.G.) 

1122 

105.8 

113.8 

1060 

3.U1 

same as inlet 


16.71 

18U9 

1958 




c* 


(Pc) 


9U0 

li.8 

1860 

I960 

.399 

.298 

180.5 

U0.1 

135.0 

5U.U 

96. U 6 


Test 098 

25.009-26.039 

10 

709 

11.8 

1302 

-390 

936 

(N.G.) 

830 

- 68.6 

- 12.6 

903 

6.96 

1.72 (based on 
097 

resistance) 

20.305 

2088 

1591 


1080 

5.3 

2100 

1600 

.399 

.3U9 


1*0.5 

m 

113.8 


N.A. 




■3 

I 


'I; 
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The failure was caused by a separation in the electroformed copper layers which 
serve as a barrier to hydrogen contact with the electroforaed nichel. The pur- 
pose of the barrier is to prevent hydrogen embrittlement of the electroformed 

nickel. 

secondary damage was sustained by the COl assembly in test 098. This damage is 
evaluated to be a result of the major failure of the combustor assembly nettle 
wall and not as a result of normal operation. Several areas of distress were 
observed; (i) the nettle tube bundle below the failed patch sustained eight 
major tube splits, several more minor tube splits, and minor hot-gas wall erosion 
(2) the left fence sustained several small surface erosions on the hot-gas sur- 
face and several "pin-hole" openings to the coolant surface on the tube crowns at 
the eroded places; and (3) the left fence sustained minor erosion of the last 
two fence support tips due to "rollover" of the combustion gas over the edge of 
the fence. All these areas of distress are ascribed to the disturbance of the 
hot-gas flow field from three sources; (1) the initial blowout and blow away of 
the tailed piece, (2) the disturbance of the supersonic hot-gas flow field by 
the discharging hydrogen from the exposed channels, and (3) the dis-urbance of 
the flow field by the hydrogen jets emanating from the outer co.*ustor wall in- . 
let manifold orifices traveling at nearly right angles to the primary flow field. 
The NARloy liner exhibits several overheated areas and probable cracks at gram 
boundaries in the upper combustion tone above the failed notile wall. These 
areas resulted from the interruption of the hydrogen cooling during the time of 
wall failure and the subsequent operation at elevated mixture ratio. 

Stabiliied data are presented in TablelS for test 098 at a time corresponding to 
the data from test 097. It will be observed that all assesdily temperatures and 
pressures are lower than anticipated for normal operation. Redline device set- 
tings. normally maximums, were not exceeded during the 50 seconds of mainstage 
duration which followed the failure. 
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As a result of the liner wall failure in the nozzle section, the overboard dump 
fuel caused an injector mixture ratio of about 12. The break in the wall was 
located on the outer contour wall below the throat. The hydrogen which was 
dumped through the opening came from several sources. First, six of the outer 
contour wall manifold discharge holes to the fuel passage inlets were exposed 
directly to the hot-gas stream which had a very low static pressure. Most of 
the fuel dump came from the manifold through these holes (an area of 1.7 in. ). 

The second source of fuel came from cross flow from the adjacent channel inlet 
manifold (an area of 0.036 in.^). It is estimated that 5.24 Ibm/sec of hydrogen 
was dumped into the hot-gas stream in the area of the failure. Most of this 
was dumped in a direction transverse to the local flow field direction. The 
total hydrogen flowrate of 6.96 Ibm/sec passed through the tubular nozzle, about 
1.9 Ibm/sec passed through the liner cooling channels, and about 1.72 Ibra/sec 
passed through the injector face and participated in combustion. 

Tl.- nozzle gas-side heat transfer coefficient was increased by mixture ratio and 
reduced by chamber pressure for a net reduction in gas-side heat transfer from 
nominal design point. The nozzle cooling side heat transfer coefficient was 
substantially increased by more than twice the nominal coolant flow. As a re- 
sult, the nozzle was overcooled and underheated compared to the nominal operating 

point. 

The combustor walls were cooled without failure at the mixture ratio of 12 and 
the reduced chamber pressure of 789 psia. No surface oxidation on the liner wall 
was observed after the high mixture ratio operation for 50 seconds. 

INJECTOR ELEMENT MIXING TESTS 

The obvious alignment and general nature of the combustor erosions experienced 
during engine tests suggested that the erosions were a function of the injector 
element liquid mixing conditions. Single-element, cold-flow mixing tests were 
performed in an effort to define the general constraints of the mixture ratio on 
the combustion gases next to the combustor walls. Test conditions simulating 
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breadboard operating points Tests simulating typical 

r^ilry of the test and test conditions performed. 

■ f the test setup used, hater was used as a slmul«.t 
Figure 99 i* ,l^l.te the hydrogen fuel. The simu- 

for the liquid oxygen; helium was element into a pressurised container 

lants were flowed through an actual \“*"^^ber pressure at predeter- 

with a pressure-regulating .etabUshed to simulate injection 

mined specific values. post tip. Hass flux measure- 

density and velocity a tTaversing the element flow field with a 

ments of the helium were obtained y pasture. The local liquid mass 

stagnation pressure probe to measu«^^ , ,p.,lfle 

flux was measured by collecting ^ „j^ally 

interval of time. Samples were taken from 
outward in increments of 0.1 inch. 

ite; of liquid- gas mass flux and resultant 

— sr.:.:.= s -r 

; .. -» - ■•“ •• ■“ 

combustor wall. 

,t. of tests simulating the breadboard test condi- 
Figure 101 displays the resul ^^^ar tones next to 

tions at a F, of approximately 900 P-^ significantly higher than the in- 

ro^^reTarr 

within this outer zone. 

Its from a test simulating the same chamber pressure 
Figure 102 displays the results ,^served in the multisegment 

but With a lower injection lb. injection spray field with 

testing. The mass is concentrated in the 
. „ry low outer lone mixture ratio. 
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SUMMARY OF COLD- FLOW TESTS CONDUCTED 



[-flow simulant 














Element Mixing Test Apparatus 






Figure 100. Normalized Mass Flux vs Inches From Centerline 
fRun No. 13) 
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Figure 101. Norroalixed Mass Flux vs Inches From Centerline 
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Figure 103. Effect of Fuel Velocity on Mixture Ratio Distribution 
(Transient Conditions) 




DISTANCE FROM CENTERLINE 

(inches) Figure 105. Mixing Results, Transient 
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Figure 103 displays the results of a test simulating conditions representative 
of the transition from LOX-dome prime to mainstage of the breadboard engine. The 
outer zone mixture ratio is quite high under these conditions. Figure 104 dis- 
plays the results of the same test conditions with the exception that the oxidi- 
zer post recess is varied from the nominal position of 0.150 to 0.196 inch. The 
mixture ratio distribution did not vary significantly between the two conditions. 

Figure 105 displays the results of several tests performed for this transient en- 
gine operating condition, and displays the percent of the injected mass which was 
above the injected mixture ratio in the outer zone as a function of fuel injec- 
tion velocity. The percent mass in the outer zone was nearly constant at 8 per- 
cent for fuel velocities in excess of 1500 ft/sec at the nominal recess. Increas- 
ing the recess to 0.196 inch increased the mass in the outer zone to 18 percent. 

Testing performed at conditions simulating conditions prior to LOX dome prime did 
not exhibit any tendency for high outer zone mixtuie ratios. 


Summary 

The single-element, cold-flow mixing test indicates a strong tendency for the 
oxidizer to migrate to the combustor walls creating a high mixture ratio content 
adjacent to the walls during LOX dome prime and transition to mainstage. The 
steady- state operating conditions of the breadboard engine indicate a similar 
condition for steady-state operation near 900-psi chamber pressure. Chamber pres 
sures of 1200 psi would have a low outer zone mixture ratio. Lower fuel injec- 
tion velocities representative of the multisegment test conditions did not pro- 
duce a tendency for high mixture ratio near the combustor walls. The tests indi- 
cate the reverse to be true. 


C06 SINGLE-SEGMENT TEST PROGRAM 

A sinjU segment (C06) for the bre.dbo.rd test bti «.s test«J .t CTL-3, Cell U. 
to demonstr.te its op.r.tlon.l cp.bllity. These tests »ere the first tests of 
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the breadboard configuration segment assembly. The segment »as hot-fired witnout 
a tubular nottle, and re,uired conditioned hydrogen (335 R) at the combustor inlet, 
A summary of the test program is presented in Table 17. All test obiectlves were 

satisfactorily achieved. 

C06 Single- Segment Hot-Fire Testing 


Test 975-039 was a fuel blowdown and fluorine/hydrogen ignition test was conducted 
to evaluate (1) gas and liquid facility resistance characteristics, (2) automatic 
sequence checkout, and (3) hydrogen gas/llquld mixing system characteristics. The 
test was conducted as programed and all objectives were achieved. 

Test 975-040 was primarily a repeat of test 975-039 to determine It an amplifier 
change and a gain adjustment in the control circuitry would eliminate the pres- 
sure oscillations of the gas-liquid mixing system. All test objectives were sat- 
isfactorily achieved and the controller modifications stabilited the servocontrol 

system. 

Test 975-041 was the initial mainstage test was performed on component engine C06 
on 9 June 1971. Test duration was scheduled for 1 second. The test was termi 
nated at 330 milliseconds by an erroneous chamber pressure redline cut. The hard- 
ware was in excellent condition posttest. 

Test 975-042 was the initial lor.g-duration test (~40 seconds was attempted on 
this test). The test was aborted due to failure to achieve ignition detection. 

The ignition detection thermocouj le probe was blown out of the effective fluorine- 
hydrogen plum, during the fuel lead. The ignition detection thermocouple probe 
was removed and the sequence logic modified in preparation fer the next scheduled 
test because satisfactory ignition under mainstage conditions was demonstrated on 

test 975-041. 

For test 975-043, the objectives were to evaluate performance, stability, and hard- 
ware durability as a function of mixture ratio. The mixture ratio was varied by 
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means of Increasing the combustor fuel inlet temperature during the test with t e 
hydrogen gas/liquid mixing system. The test duration was 38 seconds. The com us- 
tor inlet temperature varied from -120 F to approximately tero F which varied the 
mixture ratio from 3.9 to 4.6. All test objectives were satisfactorily achieved. 
Analysis of the test data indicated that: 

1. All parameters exhibited 7.5-Hz oscillations 

2. During the test, an observer appeared to see one corner of the trailing 
edge of the outboard side of the left segment glow bright 

Fosttest leak checks revealed that a copper/nickel bond joint associated with the 
inner contour wall welded manifold separated. The segment was removed from the 
test stand and weld repaired in the Engineering Ub at Canoga. 

The hydrogen gas-liquid mixing system 7.5-Ht oscillations was determined to be 
caused by a low resistance in the hydrogen liquid system resulting in a pressure 
coupling of the gas/ll,uld system. A sharp-edge orifice (0.422) was installed in 
the hydrogen liquid system to increase the resistance. 

Test 975-044 was programmed to evaluate the engine operating characteristics at 
lioo-psig chamber pressure and M/R - 5.0, for a duration of 10 seconds. A second- 
ary objective was to determine if Increasing the resistance of the hydrogen liquid 
system would eliminate the pressure oscillations associated with the gas-liquid 
mixing system. Test 044 was aborted at start because the mam fuel valve fai e 

to open. 

Test 975-045 was a repeat of test 975-044 and was conducted to evaluate the engine 
operating characteristics and the gas-liquid mixing system characteristics. The 
test was satisfactory in all respects and a programmed cutoff was achieved at 10.5 
seconds. The feed system coupling experienced on test 975-043 (7.5 Hi) was e imi 
nated by increasing the resistance of the liquid hydrogen feed system. The weld 
repair of the NARl.y to copper bond separation withstood the test environment, 
and no further damage was experienced in this area or in the noiile section of 

the combustor. 
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Test 97S-046 was conducted to evaluate linear engine C06 operating characteri 
at 1224-psia chanter pressure and an MR of 5.88. The duration of the test was 
20.5 seconds, and the test results were satisfactory in all respects. A chanter 
pressure of 1200 psia was achieved, and no further danage was experienced in the 

weld repair bond area. 


Tests 975-047 and 975-048 were conducted to evaluate linear engine C06 operating 
characteristics with the 12K-Ht LOX post inserts installed in 67 elements, ^st 
975-047 was conducted for 10.5 seconds at 1191-psia chamber pressure and an MR of 
5,63. The test duration was programmed and the results were satisfactory in all 

respects. 

Test 975-048 was conducted for 30.6 seconds at 1194-psia chamber pressure and an 
MR of 5.63. This test was conducted without the oxiditer cavltatlng venturi in- 
stalled in the facility feed system. The 12K-Hi WX post Inserts remained in- 
stalled in the injector. The results of the test were satisfactory and all test 

objectives were achieved. 


Test data analysis indicates that the l2X-Hi LOX post inserts and removal of the 
LOX feed systm. cavitating venturi reduced the hardware g level in the 12K-Hi 

frequency range. 
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HIGH-FREQUENCY STABILITY ANALYSIS 


Analysis of the high-frequency data for segment, multi segment, and test bed tests 
has been conducted in an attempt to fully understand stability characteristics. 

SEGMENT AND MULTI SEGMENT 

A typical segment component test may be characterized by a brief period (transi- 
tion and early mainstage) with rapidly changing oscillations as equilibrium is 
sought in propellant properties and hardware temperatures. During this period of 
time, oscillation frequencies range up to approximately 10 KHz but with primary 
oscillation content near 6000 Hz. Amplitudes in this period averaged approxi- 
mately 200 psi peak to peak, while the maximum amplitude recorded during any burst 
was 600 psi peak to peak. These oscillations are transient in nature and are not 

of great concern. 

This period is usually followed by extended periods of 12- to 14-KHz oscillations, 
which for the most part do not subside prior to shutdown. These oscillations have 
been identified as being feed-system coupled with the first hydraulic resonance 
within the oxidizer injection element. Average amplitudes ranged from 200 to 400 
psi peak to peak. The 13-KHz oscillations have not been known to cause any hard- 
ware detriment, but were considered an area of concern due to the uncertainty as 

to their long-term effects. 

Accelerometer instrumentation have indicated similar frequencies and also 
shown 20- to 24-KHt frequency content. These higher frequencies are probably 
hardware resonances and are of no concern. 


Indications of transverse acoustic oscillations have been observed in sone tests, 
but these have been confined to start transients and tests at extreme otf-nomnal 
operating or hardware conditions. These oscillations are not a problem to testing 
with breadboard linear engine hardware at normal operating conditions. 
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T.„ughout .h. perioa of t.stin*. th. 13-KH. osclU.tions wore . pfU. 
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Lltatlng V«,turu. «d rotonln, of th. tr«,«.ncy of o.xi-» co.bo,.too gain 
through elimination of the fuel cup recess. 

earl, multisegment tests uer. inconclusive - 

post inserts on th. .pf^tiv. in reducing oscillation 

::;rr“rr “ ;r.r« 

7^rtoi\l^e energy driving the element hydraulic resonance. Removal of the ven 
turis, however, proved ineffective in attenuating the 13-KHz osci ations. 


DISCUSSION 

from a typical linear multiseg* 

;:r:rrr r. “,r. r,= =frrr 

ences in the 001 segment, results from this series of tests 
separately. 


CHftBACTERlZATION OF STARUITY FOR A TYPICAL TEST 


Test NO. 97S-00S was ..Uct«l for detailed analysis, as it represented an inst«,c. 
in which three segments were run simultaneously at nearly nomina opera 
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conditions. This test is considered to represent the oscillation content for the 
normal linear engine including any interaction effects between the segments, while 
excluding any effects of subsequent stability aids or off-nominal operating 
conditions. 

The oscillation profile of test No. 008 may be best typified by its lack of con- 
sistency during approximately the first second of operation. The oscillation pro- 
file for this test is shown in Fig. 106. The time scale has been greatly com- 
pressed in this figure to allow presentation of an overall view of the oscillation 
amplitude for the entire test. Because there are normally no direct dynamic cham- 
ber pressure measurements in the linear hardware, the oxidizer injection pressures 
are used as the best indication of oscillation content within the individual com- 
bustors. These pressure measurements have been provided at both ends of the oxi- 
dizer dome in each segment. The lack of consistency mentioned earlier is readily 
observed in Fig. 106, as short expanded sections of records are shown for each of 
the parameters at several times during the test. 

The first expanded section shown is during the start transient when the segments 
had reached approximately 25 percent of full chamber pressure. At this time, all 
of the segments showed 8 to 10 KHz of fairly low amplitudes; however, the oscilla- 
tions were somewhat higher in amplitude and coherence in the right segment. As 
the engine progressed into mainstage, the right segment indicated a stronger burst 
of oscillations with primary frequencies of 3000 and 9500 Hz. The center segment 
had oscillations of lower amplitudes at 3000 to 4000 Hz, while the left segment 
displayed less coherence. The oscillation content in each of the segments con- 
tinued to change until approximately 0.9 second after the achievement of full 
chamber pressure. Frequent bursting with a primary frequency of 6000 Hz was noted 
in all of the segments during this time. Average amplitudes during the early part 
of mainstage were approximately 200 psi peak to peak, while maximum amplitudes 
during any short burst were 600 psi peak to peak. 
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At 0.9 second, rapid damping of these oscillations was evident in the traces from 
each of the segments. From that time to cutoff, the left and center segments in- 
dicated a very gradual growth of oscillation level from nearly negligible ampli- 
tudes to as high as 400 and 200 psi peak to peak, respectively, just prior to en- 
gine cutoff. During this same period, the frequency increased from 12 to 14 KHz. 
This same phenomenon was occurring in the right segment until approximately 7.5 
seconds into the test, at which time the oscillation amplitude greatly reduced. 
This was accompanied by an indicated reduction in resistance for both the oxidizer 
and fuel injection elements and is thought to be a result of the flame moving out- 
side the fuel cup recess. This flame position and its relation to the 12- to 14- 
KHz oscillations will be discussed more fully in the section of this report con- 
cerned with high-frequency, feed- system-coupled oscillations. 


FEED-SYSTEM-COUPLED OSCILLATIONS 


The primary mode of oscillation in the linear segment hardware in the multxseg- 
ment and single-segment testing was a sinusoidal oscillation at frequencies of 
12 to 14 KHz. It was quickly recognized that this frequency corresponded to the 
first resonance of the oxidizer injection element, and an investigation was pur- 
sued to identify the complete mode (feedback loop) of the oscillations and to 
effect a solution for their elimination. 

The 13-KHz mode of oscillation was thought to be similar to the 4400-Hz oscilla- 
tion phenomenon experienced during development of the J-2S engine, and is shown 
graphically in Fig. 107. In this schematic, a chamber pressure perturbation 
causes a change in injected flowrate as dictated by the response of the oxidizer 
injection element, which may or may not result in a change in gas generated by 
the combustion process, depending on the response characteristics of the combus- 
tion process. If the combustion chamber has sufficient response, a subsequent 
pressure wave is generated which then may cause the process to repeat. For the 
oscillation to grow, each box within the schematic must have sufficient gain and 
proper phase shift so that the total loop gain will be greater than unity and 
that the pressure is fed back with the proper phase shift for reinforcement of 
the subsequent cycles. 
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In the J-2S 4400-Hz phenomenon, the small amount of combustion within the cup re- 
cess was sufficient to cause completion of the feedback loop and, hence, main cham 
ber combustion and acoustic response were not required. This provided a combus- 
tion process with a short enough time delay to support the relatively high fre- 
quency, and an algebraic chamber (cup) response. 


The combustion response for a typical linear segment test is shown in Fig. 108. 
This figure shows that the combustion response in the cup region js capable of 
supporting oscillations in the region of 5000 to 23,000 Hz. TTie cup break fre- 
quency is above 14 KHz and, hence, pressure is generated in a steady- state 
(linear) manner to support these oscillations. Conversely, the entire chamber 
combustion response is at frequencies below 3000 Hz. thus excluding the main cham- 
b6r from th© 13-KH2 oscillations. 


From an analytical standpoint, the 12- to 14-KHz linear segment oscillations fit 
the model of the J-2S 4400-Hz phenomenon. Further substantiation of the 12-KHz 
mode of oscillation was found in the right segment in multisegment test No. 975-008 
At approximately 7.5 seconds into the test, a slight step upward in chamber pres- 
sure was experienced while the indicated resistances across both the fuel and oxi- 
dizer elements decreased. A significant reduction in 12 to 14 KHz was noted in 
that segment at the same point in time, while the oscillation content appeared un- 
changed in the other segments. This phenomenon can be seen quite clearly in Fig. 
106 and 109. In the second figure, frequency from 5 to 15 KHz is shown along the 
abscissa, while amplitude is shown as a vertical deflection. Each horizontal line 
represents a subsequent time slice during the test. It is apparent that oscilla 
tions of 12 KHz initiated early in the test in all segments and, as operating con- 
ditions changed, these oscillations progressed to a frequency of 14 KHz. These 
oscillations then greatly reduced in the right segment at 7.5 seconds, but contin- 
ued in the center and left segments. This phenomenon is thought to be indicative 
of the flame moving outside the cup region, causing a reduction in cup AP and a 
concurrent shift in the cup combustion gain in that segment. The result is a 
large reduction in oscillation amplitude. (Conditions within the linear engine 
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cup recess are marginally conducive to sustained burning and, therefore, this ob- 
served shift in "flame position" nay not be totally unexpected.) 

There are several approaches toward elimination of oscillation phenomena of the 
type represented by the linear segment 12- to 14-KHz oscillations. Each of these 
attempts involved reducing the gain of the coupled feedback loop by either detun- 
ing (changing the resonant frequency) of the oxidizer elements or combustion pro- 
cess, by adding dissipative resistance (AP) to the loop, or combination of both. 

Oxidizer Post Inserts 


In approaching oscillation phenomena of this type, the gain of the feedback loop 
may be decreased below unity by sufficiently reducing the gain of any of the ele 
ments combined to form the complete loop. 


The J-2S oscillations were approached with success by changing the response and 
resistance of the oxidizer injection elements (posts) to reduce the gain at 4400 
Hz. This same approach was taken during the multisegment testing by placing in- 
serts within the oxidizer posts. The effective change in the post response is 

shovn in Fig. 110 . 

Results of early testing with oxidizer element inserts during the multisegment 
program indicated that there was an improvement in stability in the frequency 
range of 12 to 14 KHz, but a quantitative assessment was not obtained due to 
general instrumentation difficulties of measuring oscillations of relatively low 
amplitudes and very high frequencies while interpreting interaction effects be- 
tween the segments. 

A definitive evaluation of the effect of oxidizer post inserts was obtained dur- 
ing subsequent multisegment testing in tests No. 975-081 and -082. The left seg. 
ment was not run for these tests, as the fuel cups had previously been flared to 
produce zero oxidizer post recess and would have served only to obscure the data 
from the unmodified elements. Test No. 975-081 was conducted with inserts 
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installed In both of the active segments, while the inserts were removed fr» the 
ht segment for test No. 975.081. lb. results of these tests are 
m where it may be noted that neither s.gm«.t showed significant osciUatiohs 
with the inserts Installed, bhen the inserts were removed from the 
for test No. 975-082. significant coherent oscillations wit a pre omi 

f IS 5 KHi were observed in both oxldlter injection pressure measurements 
TZ while the center segment (which had oxlditer .l.m«.t inserts) 

indict*! no significant oscillation cont«>t. Oscillation *splitudes within the 
right segment oxiditer manifold reached a maximum of approximately 400 psi peak to 
peak when the inserts were removed. 

Further quantitative evaluation of the effect of oxidizer post inserts was- oh- 
tained during the linear engine C06 component tests. 

Hlgh-freouency data from tests 975-045 and -045 through -047 were review*) to deter- 
mine the effect of oxidizer post Inserts on high-frequency oscillations in the rang, 
from 10.000 to 15.000 Hz. Tests 045 and 045 were conduct*! at chamber pressures 
varying from approximately 880 to 1120 psla and mixture ratios from 5.9 to 4.8. 

Tests 046 through 048 were conduct*! at approximately 1200 psla and mixture ratios 
of 5.6 to 5.7. Inserts were install*! in the injector oxidizer posts prior 

test 047. 

u 'and test 048 in which the oxidizer feed system venturi 

The data from these tests land test 

was removed) were subjected to sonic spec analysis techniques, where the 

through 048 “7^7;^ ” „^s.d as nearly continuous function of time 

L 10,000 to 15.000 Ht along the abscissa. 

(Fig. 11 ). 9 lelatlve amplitude of the frequency component, 

vertical deflections repr.s«it the relative p ^ „„ 

Each line progressing up the ordinate repr.s*.ts approximately 
durat ion . 

The pr.do.ln«.t oscillation fre,u«.cy t«.d.d to increase 777 *777, 
tests 043 . 045. «id 046. 0«mb.r press-ir. was increas*! progressively 
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test. The increase in oscillation frequencies is attributed to the chamber pres- 
sure increase, a trend observed during the raultisegment test series. 

An upward sweep in frequency during the early seconds of test 046 (Fig. 112) was 
a result of changing oxidizer temperature as the warm LOX in the ducting was re- 
placed by colder fluid from the tank. The frequency range corresponds to the 
first resonance of the oxidizer post, and the change in frequency relates directly 
to the increased acoustic velocity of the colder oxidizer. This trend also was 
observed during the multi segment testing. 

The effect of the oxidizer post inserts on the high-frequency oscillations in the 
range of 10,000 to 15,000 Hz was determined in tests 046 and 047. These tests 
differed in that the inserts were installed for test 047. Significant oscilla- 
tion amplitudes were observed in all high-frequency measurements on tests 043, 

045, and 046, which were conducted without LOX post inserts. Test 047 data are 
presented for comparison with test 046 (Fig. 112). The coherent high-amplitude 
oscillations of test 046 were reduced significantly in test 047 by the installa- 
tion of the LOX post inserts. In particular, sonic analysis indicated the oxidi- 
zer pressure oscillations were reduced by an order of magnitude from 110 psi peak 
to peak to approximately 10 psi peak to peak. The hardware-mounted horizontal and 
axial accelerometers indicated residual amplitudes of approximately 200 g peak to 
peak, but these are thought to be structural resonances and may well have been 
masked by the high-amplitude data of the previous tests. Complex amplitudes for 
chamber parameters were reduced by a factor of approximately 2 to 4 with inserts. 


Acoustic Oscillations 

The presence or absence of transverse combustion chamber acoustic oscillations 
was difficult to ascertain for the majority of tests due to the lack of high- 
frequency chamber pressure measurements. As a result, the identification of possi- 
ble occurrences of first transverse oscillations was made strictly by observance 
of the proper frequency in the oxidizer injection pressures and accelerometers. 
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For th. .o« part, occurr«.c.s of pooslbl. first transverse oscillations were con- 
fined to start transitions or tests duplicating part of the start 
oscillation fre,u,ncles were In the r«.,e of 2200 to 3000 Ht and are " to 
vary as a function of operating condition. The observed fre,u»cy 
lated to operating conditions due to th. transient character of »ost of the data. 

Hultisegnent test 975-020 -as conducted at engine start conditions 
chamber pressures ranging from 270 to 310 psla and mixture ratios of 0.6 to. . 
The test -as a cycle evaluation with four lO-second-duration sections of m 
stage interrupted by 2-second sections during which the engine -as shut down, 
indication of 2200-Ht oscillations -as noted In the right segment at about 5 
seconds into the third section of mainstage. At 9.5 seconds, the oscillations 
increased In amplitude and grew to 220 psi peak to peak in oxidizer injec ion 
pressure prior to cutoff. During the fourth section of mainstage. these osci la- 
tlons -ere present to approximately 120 psl peak to peak in the center segmen 
and 260 psl peak to peak In the right segment. These oscillations ar * 

to be the first transverse acoustic mode In the major combustor axis, but 
be verified other than by frequency. 

A possible instance of mainstage oscillations -as noted In the left 
tween 4 and 6 seconds Into multisegment test 975-024. In this instance, 3000- 
HZ oscillations -ere noted to 400 psl peak to peak In oxidizer injection pressur 
No. 1. but -ere not readily apparent In the other oxidizer Injection pressure. 
This segment had previously had the fuel cup recess removed in an attempt o e 
couple the 13-KHZ oxidizer Injection element hydraulic-coupled oscillations, an 
is not indicative of the linear breadboard hardware. 

in general, it Is thought that transverse acoustic oscillations are ” 

start transients and tests at extreme off-nomln.l operating or hardware ca- 
tions. These oscillations are not considered a problem to testing with normal 
breadboard linear engine hardware «.d normal operating conditions. 
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001 SEGMENT STABILITY RESULTS 

Segment 001 was modified for increased performance and tested at Propulsion Re- 
search Area NAN stand on tests 001 through 033, in 1971. The modification of 
high hydrogen velocity, low oxidizer velocity, and minimum oxidizer post thick- 
ness and deeper recess was designed to provide high cup atomization and subse- 
quently higher 

With the higher relative velocities, it was expected that stability (at least in 
chamber acoustic modes) would be benefited. With the increased cup length and 
increased atomization, some possibility of high-frequency coupling action between 
the LOX post and cup was indicated. Inserts were installed to raise the oxidizer 
post hydraulic frequency and increase the damping. 

Contrary to intention, the test results indicated lower apparently because 

of increased burning within the cup. However, this cup burning did not result 
in any indications of combustion coupling phenomena. 

Of the 33 tests, 001-006 were aborts, as were 008 through 010. Mainstage was 
achieved on tests 007, Oil through 017, and 033 with tests 018 through 032 de- 
signed to simulate engine start transients. 

The instrumentation consisted of a horizontal and axial accelerometer, two LOX 
dome Photocons, and a Kistler chamber pressure measurement. Detail review of 
the oscillographs from tests 007 and 011 through 017 revealed no oscillation 
phenomena of importance. 

The acceleration amplitudes were as high as 350 g peak to peak in mainstage, but 
levels as high as 265 g peak to peak were noted pretest and posttest. Both of 
these levels are considered high, but it should be noted that much of the fre- 
quency content was greater than 20 KHz, and there is little experience in this 
frequency regime to define what is normal. As the real concern with vibration 
is the physical displacement of parts (which is an inverse function of the 
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frequency squared) , 350 g at 20 KHz is equivalent in displacement to only about 
22 g at 5 KHz, or 56 g at 8 KHz, and these are demonstrated levels on the F-1, 
J-2, and J-2S engines. Thus, the accelerometer levels noted on these tests are 

deemed acceptable. 
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Pressure amplitudes in the LOX dome were 100 to 150 psi peak to peak, with pre- 
run and postrun noise levels of 60 psi peak to peak. Thus, they are comparable 
with existing and acceptable levels of LOX/hydrogen engines. The predominant freq- 
uency was 120 Hz which is attributable to electrical noise. There was also sig- 
nificant energy at 1800 Hz, 7 KHz, 10 KHz, and 15 to 20 KHz. The 1800-Hz appears 
to be the first mode of the oxidizer dome. The 7 to 10 KHz has been observed to 
shift with oxidizer temperature, and apparently is also a mode in the LOX manifold 
and/or feed system. The 15 to 20 KHz is probably the first mode of the oxidizer 

posts. 

In all tests, the Kistler was judged to be yielding erroneous pressure data. 

The frequency content and amplitude variations closely resembled those of the 
accelerometers, while the dome pressures were exhibiting clearly different os- 
cillations. Thus, the Kistler data were disregarded. 

All amplitudes were acceptable levels and no sustained frequencies of oscilla- 
tions were noted. Based on the mainstage tests, the engine is judged satisfac- 
tory with respect to its oscillation characteristics. 


BREADBOARD NO. 1 HIGH-FREQUENCY RESULTS 

The high-frequency characteristics of each of the test bed segments were monitored 
with a dome-mounted accelerometer, mounted so that the sensitive axis was along 
the major transverse axis (horizontal direction) of the individual segments. In 
addition to the accelerometer instrumentation, Photocon transducers monitored the 
high-frequency oscillations in the oxidizer domes of segments 1, 5, 15, and 20 
and the fuel injection pressures in segments 1 and 5. 


» 
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High-frequency data were reviewed in detail for mainstage tests 624-009 through 
624-013 and are considered typical. Surveys were made on the other tests. Accel- 
eration levels for the complex waves were V j to 300 g peak to peak. Pressure 
amplitudes were in the range of 20 to 200 psi peak to peak. The lower level was 
typical. Occasional bursts exceeded these values. 

Several frequencies occurred intermittently throughout the tests. The primary 
frequencies were 13 KHz (discussed earlier), which is associated with fluid 
resonance within the oxidizer injection elements, and two other frequencies of 
approximately 6 KHz and 8 KHz, which are thought to be associated with the pro- 
pellant feed systems. 

Test 624-012 was reviewed in particular detail, as it was an extended duration 
test of 100 seconds at 1130-psia chamber pressure with PU valve excursions. 

Segment 1 showed the most consistent 13-KHz oscillation content with average com- 
plex amplitudes of 270 to 400 g peak to peak in the horizontal accelerometer and 
100 to 250 psi peak to peak in oxidizer injection pressure. The fuel injection 
pressure indicated 6-KHz oscillations to approximately 100 psi peak to peak. 
Nearly all segments had at least some indication of 13-KHz content. 

Segment 14 indicated some clear bursting at 13 KHz during the middle portion of 
the test, while segments 2 and 18 had sporadic 13-KHz oscillations during approx- 
imately the first 20 seconds of the test. Clear 13-KHz oscillations also were 
evident in segment 2 during the final 15 seconds of the test. 

Nearly all segments had indications of 6-KHz oscillation content at some time 
during test 012; however, several segments (in particular, segment 13) had indi- 
cations of 6 KHz throughout most of the test. 

Eight-KHz oscillations were particularly evident in segments 3, 5, and 15. 
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The PU valve was actuated from the null to the maximum position at approximately 
20 seconds and back to the null position 85 seconds into test 012. These PU 
valve position changes v»ere evident to some extent in high-frequency oscillation 
content. While the effect was liOt apparent in all of the segments, segment 2 ex- 
hibited clear 13- KHz oscillations during the first 20 seconds of the test. When 
the PU valve was cycled to the maximum position, these oscillations became less 
clear until the PU valve was cycled back to the null position. 

The effect of PU position is a function of its imposed variation in the operating 
conditiors cf the individual segments, which are essentially individual chambers. 


Oscillations at frequencies of 10 to 13 KHz were present in all segments during 
the cutoff transients of tests 624-010 through 624-013. These oscillations 
occurred as the chamber pressure dropped below approximately 50 percent, and were 
present to 500 g peak to peak in acceleration and 200 psi peak to peak in oxidi- 
zer injection pressures. Similar oscillations were noted during the start trans- 
ients in some segments. 

Some 400 Hz, feed- system-coup led buzz oscillations were noted to amplitudes of 
200 psi peak to peak in the early part of transition into mainstage. 

The primary frequencies observed during the testing of the test bed were the same 
as those noted during the previous segment and multisegment tests. Amplitudes 
were considerably lower. These oscillations, in particular the 12 to 13 KHz, 
appeared to be less well defined in the test bed. This may be due to a difference 
in fuel injection velocity between the segment tests and those with the test bed. 
The nominal fuel injection velocity for the segment tests was approximately 1200 
to 1300 ft/sec and 1650 to 1900 ft/sec for the test bed. This difference was due 
to a higher fuel injection temperature and slightly lower mixture ratio for the 
te'^t bed tests. 
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